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Abstract
This project aims to produce n-butanol from ethanol using a catalyst and pressurized hydrogen. Our process
converts 100MM gallons of ethanol to 71.4 MM gallons of 95% pure butanol per year. The fixed-bed catalytic
reactor contains spherical pellets of Ru(acac)3 with a void fraction of 0.391, and operates at 374 °F and 725
psi. Following the reaction, the hydrogen is removed from the product stream using two flash separation units
before being recycled to the reactor. The butanol product is then taken from the bottoms of a distillation
tower. The remaining ethanol and water are separated using two distillation units and ethylene glycol as an
entrainer. The plant will be located in Iowa, U.S.A. where an adjoining ethanol plant uses corn as a feedstock
for its process.
Since this project assumes a future market for butanol biofuel, and our process uses ethanol as a feedstock, the
price of butanol is assumed to be some multiple of the ethanol price. At the current ethanol price, assuming
that butanol is 1.5 times the price of ethanol, our process is not profitable. It was found that in order to have a
positive Net Present Value after 15 years, the price of butanol would need to be 2.225 times the price of
ethanol, which would currently be $6.54 per gallon of butanol. Therefore, while profitability is not achievable
in the current market, this process should be seriously considered in the future due to the high volatility of
biofuel prices and policies.
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April 15, 2014 
Professor Leonard Fabiano 
Dr. Robert Riggleman 
University of Pennsylvania 
School of Engineering and Applied Science 
Department of Chemical and Biomolecular Engineering 
 
Dear Professor Fabiano and Dr. Riggleman, 
 
We are pleased to present our completion of the Ethanol to Butanol project proposed by 
Mr. Bruce Vrana. Our plant, located in Iowa, is designed to produce 71.4 MM gallons of butanol 
(95% pure) per year from 100MM gallons of ethanol produced in an adjoining plant. The 
conversion is achieved using the Guerbet reaction path which requires a Ru(acac)3 catalyst and 
pressurized hydrogen. The reaction will take place in a packed bed reactor with spherical 
catalytic pellets at 725 psi and 374 °F. The products leaving the reactor are separated using flash 
vessels, distillation units, and ethylene glycol as an entrainer. The ethanol and hydrogen are 
recycled to ensure maximum conversion. 
This method of butanol production would compete with two current methods of 
production, namely the reaction from propylene and the direct fermentation from biomaterials. It 
is expected to supply butanol as a biofuel addition to gasoline and diesel engines, much as 
ethanol is used today. This market for butanol has yet to develop, and the profitability of our 
process is highly dependent on its relative price to ethanol.  
We have determined that at current prices of raw materials and products, the process 
would not be profitable. It was found that in order to have a positive Net Present Value after 15 
years, the price of butanol would need to be 2.225 times the price of ethanol, which would 
currently be $6.54 per gallon of butanol. However, provided that the market outlook is positive 
in the future, this plant has potential to achieve a strong hold on this emerging market. 
 
 
 
 
 
 
Sincerely, 
 
 
 
_________________      _________________      _________________      _________________ 
     Shawna Downing             Catharine Haak               Nader Jouzy                   Kyle Sarnataro 
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Abstract 
 
 This project aims to produce n-butanol from ethanol using a catalyst and pressurized 
hydrogen. Our process converts 100MM gallons of ethanol to 71.4 MM gallons of 95% pure 
butanol per year. The fixed-bed catalytic reactor contains spherical pellets of Ru(acac)3 with a 
void fraction of 0.391, and operates at 374 °F and 725 psi. Following the reaction, the hydrogen 
is removed from the product stream using two flash separation units before being recycled to the 
reactor. The butanol product is then taken from the bottoms of a distillation tower. The 
remaining ethanol and water are separated using two distillation units and ethylene glycol as an 
entrainer. The plant will be located in Iowa, U.S.A. where an adjoining ethanol plant uses corn as 
a feedstock for its process. 
 Since this project assumes a future market for butanol biofuel, and our process uses 
ethanol as a feedstock, the price of butanol is assumed to be some multiple of the ethanol price. 
At the current ethanol price, assuming that butanol is 1.5 times the price of ethanol, our process 
is not profitable. It was found that in order to have a positive Net Present Value after 15 years, 
the price of butanol would need to be 2.225 times the price of ethanol, which would currently be 
$6.54 per gallon of butanol. Therefore, while profitability is not achievable in the current market, 
this process should be seriously considered in the future due to the high volatility of biofuel 
prices and policies. 
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Introduction 
This process focuses on using ethanol to produce n-butanol via the Guerbet reactions as 
an alternative to fermentation. Our goal is to use 100 MM gallons per year of ethanol to produce 
71.4 MM gallons per year of butanol. U.S. Patent 8,318,990 (Tanaka and Utsunomiya) has been 
used as the basis for the design of this process and plant, with several assumptions and 
optimizations to the process. The net reaction of ethanol to produce n-butanol is shown here. 
         
  
                 
The overall reaction is more extensive, and has the possibility of producing several side products 
that are part of our overall final product. The full mechanism, assuming ethanol is the starting 
lower alcohol, is shown in Figure 2.1. 
Figure 2.1. Guerbet reaction mechanism. 
 
From the patent, we determined the most efficient catalyst to be Ru(acac)3. This catalyst 
will be present in the form of spherical packing in a packed bed reactor. The reaction is 
exothermic and has a selectivity of butanol of approximately 90%, and a single pass yield of 
approximately 20%, depending on the partial pressure of hydrogen gas in the reactor. Major side 
products of this reaction include 2-ethylbutanol, 2-ethylhexanol, n-hexanol, and n-octanol.  
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 The goal of our project is to use this reaction to produce butanol for fuel and build a plant 
that meets safety and environmental regulations at the local, state, and federal levels for the 
chosen location. The ethanol for this process will be provided by an adjunct ethanol-producing 
plant. One hundred percent of the plant’s ethanol production will go directly to the butanol plant. 
In order to optimize cost and productivity, there were four possible choices for location: rural 
Brazil, industrial Brazil, rural United States, or industrial United States. Each of these locations 
provided us with different opportunities and challenges that will be addressed in the coming 
report.  
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Project Charter 
 
Project Name: Process Design for the Production of N-Butanol from Ethanol 
 
Project Champions: Mr. Bruce Vrana, Professor Leonard Fabiano, Dr. Robert Riggleman 
 
Team Members: Catharine Haak, Kyle Sarnataro, Nader Jouzy, Shawna Downing 
 
Specific Goal: 
 
To produce a profitable process for the production of butanol by converting it from  
ethanol through Guerbet reactions with the aid of a catalyst. 
 
Considerations:  Use the entire 100MM gal/yr of ethanol from an existing plant 
To choose the ideal location to build a plant and carry out this process 
 Rural or industrial area 
 United States or Brazil 
 
Project Scope:           In Scope 
 Butanol for addition to gasoline 
 Use 100MM gal/yr ethanol  
 
Out of Scope 
 Production of ethanol 
 Manufacture of the catalyst 
 Determination of butanol market 
 
Deliverables:   Process feasibility assessment 
Economic assessment 
Technical assessment 
 
Timeline: Completion of project in April 2014 
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Background 
 
Butanol is mainly used as an intermediate in industrial chemical manufacturing 
processes. Its downstream applications include the production of butyl acetate, butyl acrylate, 
glycol ethers, resins and plasticizers. (Research and Markets) It is also used directly as a solvent 
for industrial applications such as paint thinners, coatings, textiles, and hydraulic fluids.  
In 1916, industrial production of butanol began as a side product in the manufacture of 
acetone for use in WWI. The process used direct fermentation, using the bacteria strain 
clostridium acetobutylicum, to convert biomass to acetone, butanol, and ethanol. The process 
was named ABE after these main products. At first, the butanol was ignored until it was realized 
that adding nitrocellulose created a quick-drying lacquer. Soon, its many other useful properties 
were discovered and production increased dramatically due to its use in synthetic rubber during 
WWII. (Biobutanol) 
    Until the 1950s, the ABE process was still the major method of production, using mainly corn 
and molasses as feedstocks. Since that time, oil has been cheaper than sugar in the US, so the 
fermentation route gave way to another process that uses propylene as the reactant. This process 
reacts propylene with syngas to produce n-butyraldehyde in a low-pressure, catalytic reactor. 
This intermediate is then hydrogenated to n-butanol. Currently, this is the main method of 
industrial butanol production. However, companies have recently been reexamining the direct 
fermentation route using different bacteria and improved process efficiencies. 
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Market Analyses 
 
The global butanol demand is increasing, especially due to growing demand in Asia-
Pacific. In 2012, China consumed 34.8% of the global n-butanol. (Research and Markets) 
Butanol is mainly produced and exported from Europe and North America, and is used for the 
industrial products and manufacturing purposes mentioned above. 
Our project aims to produce butanol for another end use altogether. Butanol has the 
potential to take over a substantial portion of the biofuel market from ethanol due to its many 
advantages as a fuel additive to gasoline. Butanol is not currently used for this purpose since the 
existing techniques of butanol production have not made its adoption economically feasible. 
Some companies have focused on direct fermentation of butanol from biomass sources, however 
this route of production has many challenges. Our project will use an existing supply of ethanol 
from an adjoining plant, and convert it to butanol using an catalyst to achieve the Guerbet 
dimerization process. 
Ethanol is regularly added to gasoline in Brazil and the United States, but butanol has not 
been adopted for this purpose. Since this market has yet to develop, it is necessary to look at the 
global ethanol market for economic projections. In our project statement, it was suggested to 
assume the price per gallon of butanol to be 1.3 to 1.5 times the price of ethanol. In 2012, the 
U.S. produced 13.3 billion gallons of ethanol for fuel, and consumed 12.95 billion gallons. (EIA) 
Together, the U.S. and Brazil produced 87.1% of global ethanol fuel in 2011 (RFA) In the U.S., 
ethanol is almost entirely produced from corn, whereas it is produced from sugarcane in Brazil. 
The price of ethanol in the U.S. fluctuates around $2 per gallon.  
Butanol has significant advantages over ethanol that make this process worthwhile from 
the standpoints of economics, efficiency, and social benefit. Butanol has higher energy content 
than ethanol, at 110,000 BTU per gallon and 84,000 BTU per gallon, respectively. By 
comparison, gasoline has an energy content of 115,000 BTU per gallon. Currently, most ethanol-
gasoline mixtures contain only 10% ethanol because engine modifications are required at higher 
ethanol concentrations (up to 85% ethanol). Butanol, however, can replace gasoline entirely with 
no modifications necessary to an existing gasoline engine. This concept was proven in 2005 
when an unmodified 1992 Buick was driven across the United States fueled 100% by butanol. 
(Holan) 
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Butanol is also a cleaner fuel than gasoline. Per kilogram of butanol, only 2.03 kg of CO2 
are produced, compared to 3.3 kg of CO2 per kg of gasoline. Lower CO2 emissions are critical in 
addressing environmental concerns over greenhouse gases and climate change. In addition, 
butanol does not produce sulfur or nitrogen oxides during combustion. This is a major ecological 
and human health benefit. Lastly, butanol can be transported through existing gasoline pipelines, 
where ethanol cannot. This means that its implementation would require lower costs of 
infrastructure modification. (Biobutanol) 
It is important to consider that biofuel prices are highly dependent on government policy. 
Biofuels are considered more renewable than fossil fuels from a sustainability standpoint, as they 
will not run out with continued use. This is a major advantage for our process going forward. 
However, there are growing concerns over using corn and sugarcane for biofuels because it can 
raise the price of food. This is a significant social concern, and will need to be addressed in the 
future. One solution is to produce ethanol, and subsequently butanol, from non-food sources such 
as wood and switchgrass. 
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Innovation Map 
Figure 4.1. Innovation Map for Butanol Production 
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Customer Requirements 
 
 The main customers for our product are fuel companies and distributors. The Innovation 
Map in Figure 4.1 shows that several paths for the production of n-butanol already exist, and that 
the fuel produced from all of them has significant advantages over ethanol. Customers will be 
interested in knowing that our product is safe, secure and efficient. Unlike the process that makes 
butanol from propylene, our process is not reliant on the limited availability of fossil fuels. In 
addition, our process has higher yields and more reliable control than the direct fermentation 
routes currently in development. Both the supply of sugarcane in Brazil and corn in the US are 
renewable resources, and concerns over competition with food are being addressed by looking 
into non-food sources of biomaterial. 
 Our final product will be 95.3 mol% n-butanol with small amounts of heavier 
hydrocarbon side products. These include n-hexanol, n-octanol, 2-ethylhexanol and 2-
ethylbutanol, all on the order of about 1.2 mol% each. Lastly, about 0.1 mol % ethanol exists in 
the final product. This composition would be suitable for direct injection into gasoline engines 
with little to no modifications necessary. 
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Assembly of Database 
 
 The economic analysis for this report was based on parameters given in the problem 
statement, correlations provided by faculty and industrial consultants, and market reports. The 
price per gallon of butanol was specified in the problem statement as 1.3 to 1.5 times the price of 
ethanol. This is necessary for our cost projections since a fuel market for butanol has yet to 
develop. The feed of ethanol to our process was also specified in the project statement as 
100MM gallons per year from an adjoining ethanol plant.  
 The location-dependent cost of hydrogen feed to our process was given in the problem 
statement. For a rural site in either the U.S. or Brazil, hydrogen would cost $0.75/lb to purchase. 
At an industrial site, hydrogen would cost $0.50/lb in the U.S. and $0.60/lb in Brazil to transport 
by pipeline. In addition, a rural site assumes no transport costs for ethanol feed, but $0.05/gal 
cost for butanol freight to the market. This assumption is reversed for an industrial site, with a 
negligible cost of butanol transport and $0.05/gal for the freight costs of ethanol to the site. The 
catalyst used in the reactors is Ru(acac)3 costs approximately $31/lb and must be replaced four 
times a year. 
 The process simulation was completed using the ASPEN PLUS program. In order to 
model the thermodynamic and physical interactions of our materials, the NRTL property method 
was specified, and hydrogen was listed as a Henry’s Law component. Lastly, the reaction kinetic 
data was taken directly from U.S. Patent 8,318,990 examples 1 to 6. Here, the reaction ran at 
180°C (356°F) and a hydrogen gas pressure of 3.0 MPa. This produced a 20% yield of n-butanol, 
with a 92% selectivity of ethanol to n-butanol. 
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Section 100 
 
Figure 5.1. Flow Diagram of Section 100. 
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Table 5.1. Section 100 Streams (A) 
Stream Summary S1 S2 S3 S4 S5 S6 S7 
Component Mass Flow (lb/hr)                      
Water 0 0 0 16 16 16,637 16,637 
Ethanol 82,268 82,268 82,268 378,526 378,526 296,553 296,553 
Butanol 0 0 0 0 0 60,943 60,943 
Hydrogen 0 0 0 0 0 2,222 2,222 
2-Ethylbutanol 0 0 0 0 0 1,020 1,020 
2-Ethylhexanol 0 0 0 0 0 1,300 1,300 
Hexanol 0 0 0 0 0 1,020 1,020 
Octanol 0 0 0 0 0 1,300 1,300 
Ethylene Glycol 0 0 0 0 0 0 0 
Total Mass Flow (lb/hr)          82,268 82,268 82,268 378,542 378,542 380,996 380,996 
Temperature (°F)     80.0 86.7 131.0 168.1 356.0 374.0 371.8 
Pressure (psi)           15.0 725.2 725.2 725.2 725.2 725.2 725.2 
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.21 0.21 
Enthalpy (Btu/hr)     -2.13E+08 -2.13E+08 -2.10E+08 -9.57E+08 -8.84E+08 -8.86E+08 -8.88E+08 
Density (lb/ft
3
) 49.73 49.46 47.62 46.00 35.79 11.16 11.35 
 
Table 5.2. Section 100 Streams (B) 
Stream Summary S8 S9 S10 S11 S12 S13 S14 
Component Mass Flow (lb/hr)                      
Water 16,637 16,637 0 7 12 7 4 
Ethanol 296,553 296,553 0 132 214 132 81 
Butanol 60,943 60,943 0 4 6 4 2 
Hydrogen 2,222 2,222 1 65 2,222 64 2,157 
2-Ethylbutanol 1,020 1,020 0 0 0 0 0 
2-Ethylhexanol 1,300 1,300 0 0 0 0 0 
Hexanol 1,020 1,020 0 0 0 0 0 
Octanol 1,300 1,300 0 0 0 0 0 
Ethylene Glycol 0 0 0 0 0 0 0 
Total Mass Flow (lb/hr)          380,996 380,996 1 208 2,454 207 2,245 
Temperature (°F)     223.7 216.9 86.0 1232.0 339.1 85.8 302.0 
Pressure (psi)           725.2 725.2 217.6 725.2 725.2 14.5 725.2 
Vapor Fraction 0.12 0.12 1.00 1.00 1.00 1.00 1.00 
Enthalpy (Btu/hr)     -9.60E+08 -9.63E+08 3.61E+01 1.54E+04 1.49E+06 -3.35E+05 1.47E+06 
Density (lb/ft
3
) 19.10 19.34 7.49E-02 2.34E-01 1.87E-01 1.47E-02 1.86E-01 
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Table 5.3. Section 100 Streams (C) 
Stream Summary S15 S16 S17 S28 
Component Mass Flow (lb/hr)                
Water 4 16 16 7 
Ethanol 81 296,258 296,258 132 
Butanol 2 0 0 4 
Hydrogen 2,157 0 0 65 
2-Ethylbutanol 0 0 0 0 
2-Ethylhexanol 0 0 0 0 
Hexanol 0 0 0 0 
Octanol 0 0 0 0 
Ethylene Glycol 0 0 0 0 
Total Mass Flow (lb/hr)          2,245 296,275 296,275 208 
Temperature (°F)     86.0 177.9 173.0 85.8 
Pressure (psi)           725.2 725.2 14.7 14.5 
Vapor Fraction 1.00 0.00 0.00 1.00 
Enthalpy (Btu/hr)     -1.41E+05 -7.47E+08 -7.48E+08 -3.35E+05 
Density (lb/ft
3
) 2.59E-01 45.56 45.79 1.45E-02 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
V. Process Flow Diagram and Material Balances  Downing, Haak, Jouzy, Sarnataro 
 
 24 
Section 200 
 
Figure 5.2. Flow Diagram of Section 200. 
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Table 5.4. Section 200 Streams 
Stream Summary S9 S13 S15 S18 S19 S20 
Component Mass Flow (lb/hr)                    
Water 16,637 7 4 16,637 16,633 16,625 
Ethanol 296,553 132 81 296,553 296,472 296,339 
Butanol 60,943 4 2 60,943 60,941 60,937 
Hydrogen 2,222 64 2,157 2,222 65 0 
2-Ethylbutanol 1,020 0 0 1,020 1,020 1,020 
2-Ethylhexanol 1,300 0 0 1,300 1,300 1,300 
Hexanol 1,020 0 0 1,020 1,020 1,020 
Octanol 1,300 0 0 1,300 1,300 1,300 
Ethylene Glycol 0 0 0 0 0 0 
Total Mass Flow (lb/hr)          380,996 207 2,245 380,996 378,750 378,542 
Temperature (°F)     216.9 85.8 86.0 86.0 86.0 85.8 
Pressure (psi)           725.2 14.5 725.2 725.2 725.2 14.5 
Vapor Fraction 0.12 1.00 1.00 0.11 0.00 0.00 
Enthalpy (Btu/hr)     -9.63E+08 -3.35E+05 -1.41E+05 -1.00E+09 -1.00E+09 -1.00E+09 
Density (lb/ft
3
) 19.34 1.47E-02 2.59E-01 23.50 50.11 50.32 
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Section 300 
 
Figure 5.3. Flow Diagram of Section 300. 
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Table 5.5. Section 300 Streams 
Stream Summary S20 S21 S22 S23 
Component Mass Flow (lb/hr)                
Water 16,625 16,625 0 16,625 
Ethanol 296,339 296,339 20 296,320 
Butanol 60,937 60,937 60,907 30 
Hydrogen 0 0 0 0 
2-Ethylbutanol 1,020 1,020 1,020 0 
2-Ethylhexanol 1,300 1,300 1,300 0 
Hexanol 1,020 1,020 1,020 0 
Octanol 1,300 1,300 1,300 0 
Ethylene Glycol 0 0 0 0 
Total Mass Flow (lb/hr)          378,542 378,542 65,567 312,975 
Temperature (°F)     85.8 85.8 265.3 172.1 
Pressure (psi)           14.5 20.3 21.2 14.5 
Vapor Fraction 0.00 0.00 0.00 0.00 
Enthalpy (Btu/hr)     -1.00E+09 -1.00E+09 -1.14E+08 -8.60E+08 
Density (lb/ft
3
) 50.32 50.32 43.73 46.41 
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Section 400 
 
Figure 5.4. Flow Diagram of Section 400. 
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Table 5.6. Section 400 Streams 
Stream Summary S17 S23 S24 S25 S26 S27 S29 
Component Mass Flow (lb/hr)                      
Water 16 16,625 16,611 16,609 2 2 16,625 
Ethanol 296,258 296,320 61 61 0 0 296,320 
Butanol 0 30 30 30 0 0 30 
Hydrogen 0 0 0 0 0 0 0 
2-Ethylbutanol 0 0 0 0 0 0 0 
2-Ethylhexanol 0 0 0 0 0 0 0 
Hexanol 0 0 0 0 0 0 0 
Octanol 0 0 0 0 0 0 0 
Ethylene Glycol 0 0 314,726 0 314,726 314,726 0 
Total Mass Flow (lb/hr)          296,275 312,975 331,428 16,701 314,728 314,728 312,975 
Temperature (°F)     173.0 172.1 335.3 210.5 408.8 140.0 172.1 
Pressure (psi)           14.7 14.5 21.9 14.7 20.9 29.4 21.8 
Vapor Fraction 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Enthalpy (Btu/hr)     -7.48E+08 -8.60E+08 -1.06E+09 -1.11E+08 -9.32E+08 -9.88E+08 -8.60E+08 
Density (lb/ft
3
) 45.79 46.41 60.80 57.30 58.35 67.86 46.41 
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Figure 6.1. Process Summary. 
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Overview 
The process is divided into four key sections, as shown in the Process Summary diagram 
in Figure 6.1. The first section (100) includes the reaction portion of the process, in which 
ethanol from a storage tank and a recycle stream are combined and react in the presence of 
hydrogen to form butanol and water. In the second section (200), temperature and pressure 
changes are utilized to remove hydrogen and recycle it back to the reactor. Section three (300) 
uses a distillation column to separate the product butanol, with small amounts of heavier 
alcohols, from the unreacted ethanol and the water byproduct. Finally, this primarily water-
ethanol system is separated in section four (400) using ethylene glycol as an entrainer in order to 
purge water and recycle almost pure ethanol to the reactor. 
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Feed Storage 
Ethanol 
 The ethanol feed for this process will be taken from an adjoining ethanol plant owned by 
our company. Since this plant is already considered fully operational, it is assumed that the plant 
already contains adequate storage to prevent any downtime for our butanol plant. If the existing 
storage is not adequate, new storage must be added to our plant, which would increase costs and 
affect our profitability. 
Hydrogen 
 Hydrogen will also require an onsite production facility, which is assumed to provide the 
constant supply of hydrogen makeup necessary for the process. Approximately a two-day supply 
of hydrogen, however, will be stored on site in the form of liquid hydrogen in two 60-gallon 
tanks. These tanks will be used to ensure no downtime at our plant in case of unexpected 
problems with the hydrogen facility. 
 
Reactor 
 The reactor (R-101, see p. 43), shown in Section 100, is a packed bed reactor containing 
Ru(acac)3, the necessary catalyst for the reaction. The reactor operates at 374 
o
F and 725 psia 
based on patent data, so the inlet streams are preheated by the reactor effluent and either pumped 
or compressed to achieve this pressure. The ethanol feed is first pumped to 725 psi (P-101, see p. 
41) and heated to 131 
o
F (HX-103, see p. 44) by the reactor effluent. This feed is then combined 
with the ethanol recycle which has also been pumped to 725 psi (P-102, p. 41), before this mixed 
stream is heated to 356 
o
F by the reactor effluent (upstream of HX-103) and supplied to the 
reactor. The hydrogen feed is combined with the low pressure hydrogen recycle stream and is 
compressed to 725 psi (C-101, see p. 50). This stream then mixes with the high pressure 
hydrogen recycle, which has been preheated to 302 
o
F by the reactor effluent (upstream of HX-
102, see p. 44), and the mixed stream enters the reactor at 339 
o
F and 725 psi. The reactor 
effluent is used as the hot stream for multiple heat exchangers in order to recover heat and 
minimize costs. After these exchanges, the effluent goes to the hydrogen separation at 217 
o
F and 
725 psi with a vapor fraction of 0.12. 
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Separations 
Hydrogen 
 After the reactor section, the products and the unreacted feed materials enter a series of 
separations to isolate the product and recover raw materials. First, the stream is further cooled to 
86 
o
F (HX-201, see p. 44) and enters a flash drum also at 725 psi (F-201, see p. 50). At this 
temperature, 97% (by mass) of the hydrogen is recycled at the reactor pressure, which is 
important for minimizing the cost of compressing hydrogen. The liquid phase, containing almost 
all of the water, ethanol, butanol, and side-products from the reactor, then proceeds to another 
flash drum operating at 14.5 psi (F-202, see p. 50). At this lower pressure, 98% of the remaining 
hydrogen is recovered and recycled, with small amounts of water, ethanol, and butanol. This two 
flash system allows for recovery of almost all of the hydrogen and significantly decreases the 
cost of compression at steady state.  
Butanol 
 Once the hydrogen has been recycled, the rest of the reactor effluent is pumped to a 
pressure of 20.3 psi (P-301, see p. 41) and enters a 40-stage distillation column (D-301, see p. 
47) above stage 20. The purpose of this column is to separate the butanol, and the heavier 
alcohol products, from ethanol and water. The bottom of the column yields a stream with a total 
flow rate of 66,000 lb/hr and a composition of 93% butanol and 7% heavier alcohols, with trace 
amounts of ethanol and essentially no water. Based on our specifications, this is considered pure 
product and leaves at 265 
o
F and 21.2 psi. The top of the column produces a stream with a total 
flow rate of 313,000 lb/hr leaving at 172 
o
F and 14.5 psi. This stream contains 95% ethanol and 
5% water, with a trace amount of butanol.  
Ethanol and Water 
 The water-ethanol mixture leaving the first distillation column needs to be separated in 
order to purge the water and decrease the size of the recycle stream, so an azeotropic distillation 
is employed. The top stream from the first column is first pumped to 20.3 psi (P-401, see p. 42), 
and then fed to a 45 stage azeotropic distillation column (D-401, see p. 47) on stage 30. A 
recycle of the containing 315,000 lb/hr of the entrainer, ethylene glycol, from the recovery 
column (D-402, see p. 47) is also fed to the azeotropic column on stage 13. The distillate stream 
from this column contains 296,000 lb/hr of almost pure ethanol, which is recycled the reactor 
portion of the process. The bottoms stream leaves at 21.9 psi and enters the 35 stage recovery 
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column on stage 15. The distillate stream from the recovery column leaves at 211 
o
F and 14.7 
psi, with a total flow rate of 17,000 lb/hr and a composition of 99.45% water, 0.37% ethanol, and 
0.18% butanol. The bottoms stream, essentially pure ethylene glycol and a trace amount of 
water, then gets cooled to 140 
o
F (HX-403, see p. 46) before being recycled to the azeotropic 
separation column as mentioned above. 
 
Product Storage 
 The butanol product taken from D-301 is fed directly into railroad tank cars for 
transportation to industrial areas. Based on tanks filled to 30,000 gallons, tanks would have to be 
switched every 200 minutes. In order to ensure continuous production, a one million gallon tank 
is included in the plant in order to store approximately 4.5 days of butanol in case of 
transportation delays. 
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Utility Requirements 
The major heating requirements of the plant lie in the heating of the inlet streams to the 
reactor (HX-101, HX-102, and HX-103, see p. 43 and p. 44) and the kettle reboilers at the base 
of each of the distillation columns (E-301, E-401 and E-403, see p. 48 and p. 49). Together, these 
six units account for 553 MM BTU/hr. The pumps and compressor that are present throughout 
the process contribute to the overall energy requirements of the process as well. Other major 
energy requirements lie in the cooling heat exchangers that are present in each of the distillation 
towers as well as in two other locations in the system (HX-201, HX-301, HX-401, HX-402, and 
HX-403, see p. 44 to p. 46), which use cooling water to reach the desired outlet temperature, and 
from the non-adiabatic reactor.  
The heat exchangers in section 100, namely, HX-101, HX-102, and HX-103, all use 
reactor effluent to heat ethanol and hydrogen feeds and recycles to the reactor, and therefore do 
not contribute to the heat duty of the overall process.  
Table 7.1 shows a complete list of all necessary utilities. Cooling water, high-pressure 
steam (400 psig), and other streams are also used to achieve the proper heating and cooling 
within the process. Also shown are the electrical power requirements of each piece of equipment. 
 
Table 7.1. Utility Requirements 
Energy Requirements of the Process 
Equipment Description Duty/ Electricity Use Source 
Section 100 
   R-101-1 Reactor -1,727,961.94 BTU/hr Cooling Water 
R-101-2 Reactor -1,727,961.94 BTU/hr Cooling Water 
P-101 Pump 102.262 kW Electricity 
P-102 Pump 330.67 kW Electricity 
HX-101 Heat Exchanger 1,612,673.79 BTU/hr Reactor Effluent 
HX-102 Heat Exchanger 72,522,737 BTU/hr Reactor Effluent 
HX-103 Heat Exchanger 2,420,010.74 BTU/hr Reactor Effluent 
C-101 Compressor 102.77 kW Electricity 
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Table 7.1  Continued   
Section 200 
   HX-201 Heat Exchanger -39,426,380 BTU/hr Cooling Water 
F-201 Flash Drum 0 N/A 
F-202 Flash Drum 0 N/A 
Section 300 
   P-301 Pump 3.09 kW Electricity 
D-301 Distillation Tower 0 N/A 
HX-301 Condenser -182,222,782 BTU/hr Cooling Water 
E-301 Reboiler 210,574,315 BTU/hr Steam 
E-302 Reflux Accumulator 0 N/A 
P-302 Pump 220.24 kW Electricity 
Section 400 
   D-201 Distillation Tower 0 N/A 
HX-401 Condenser -349,803,269 BTU/hr Cooling Water 
P-401 Pump 274.12 kW Electricity 
E-401 Reboiler 210,594,315 BTU/hr Steam 
E-402 Reflux Accumulator 0 N/A 
D-402 Distillation Tower 0 N/A 
HX-402 Condenser -40,650,755.3 BTU/hr Cooling Water 
P-402 Pump 10.91 kW Electricity 
E-403 Reboiler 55,532,817 BTU/hr Steam 
E-405 Reflux Accumulator 0 N/A 
HX-403 Heat Exchanger -56,139,440 BTU/hr Cooling Water 
P-403 Pump 3.502 kW Electricity 
Totals 
   
 
 
Usage Cost per hour 
 
Integrated Streams  76,555,422 BTU/hr $0.00 
 
Cooling Water  -671,518,550 BTU/hr $150.25 
 
Steam @ 400 psi 476,701,447 BTU/hr $1,735.21 
 
Electricity 917.794 kW $42.03 
 Total  $1,927.49 
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Table 8.1. Equipment List 
 
Pumps 
Equipment ID Type 
P-101 Centrifugal Pump 
P-102 Centrifugal Pump 
P-301 Centrifugal Pump 
P-302 Centrifugal Pump 
P-401 Centrifugal Pump 
P-402 Centrifugal Pump 
P-403 Centrifugal Pump 
Reactor 
Equipment ID Type 
R-101-1 Fixed Bed Catalytic Reactor 
R-101-2 Fixed Bed Catalytic Reactor 
Heat Exchangers 
Equipment ID Type 
HX-101 Shell and Tube Heat Exchanger 
HX-102 Shell and Tube Heat Exchanger 
HX-103 Shell and Tube Heat Exchanger 
HX-201 Shell and Tube Heat Exchanger 
HX-301 Condenser 
HX-401 Condenser 
HX-402 Condenser 
HX-403 Shell and Tube Heat Exchanger 
Flash Drums 
Equipment ID Type 
F-201 Vertical Flash Vessel 
F-202 Vertical Flash Vessel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Reboilers 
Equipment ID Type 
E-301 U Tube Kettle Reboiler 
E-401 U Tube Kettle Reboiler 
E-403 U Tube Kettle Reboiler 
Compressor 
Equipment ID Type 
C-101 Centrifugal Compressor 
Reflux Accumulators 
Equipment ID Type 
E-302 Horizontal Storage Vessel 
E-402 Horizontal Storage Vessel 
E-405 Horizontal Storage Vessel 
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Unit Descriptions 
 
Pumps 
 
P-101 (see p. 58) is a carbon steel centrifugal pump used to pressurize the ethanol feed stream 
S1, that has a liquid flow rate of 226.88 gpm, from 15 Psi to 725 Psi. The pump has a fluid head 
of 2,060 ft and an efficiency of 62.3%. The total estimated purchase cost of P-101 is $85,100, 
while the installation cost estimate is $273,171. The calculated electric requirement is 102.3 kW 
and the net work required is 137 hp. This pump would have a utility cost of $7.98/hr. 
 
 
P-102 (see p. 58) is a carbon steel centrifugal pump used to pressurize the ethanol recycle stream 
S17, that has a liquid flow rate of 887.39 gpm, from 14.7 Psi to 725 Psi. The pump has a fluid 
head of 2238 ft and an efficiency of 75.4%. The total estimated purchase cost of P-102 is 
$161,000, while the installation cost estimate is $516,810. The calculated electric requirement is 
330.7 kW and the net work required is 443 hp. This pump would have a utility cost of $25.79/hr. 
 
 
P-301 (see p. 59) is a carbon steel centrifugal pump used to pressurize the liquid stream S20, that 
has a liquid flow rate of 1,031.6 gpm, from 14.5 Psi to 20.3 Psi. This pump is required to ensure 
the feed stream S21 is at a higher pressure than the feed stage in the distillation column D-301. 
The pump has a fluid head of 2238 ft and an efficiency of 76.6%. The total estimated purchase 
cost of P-301 is $12,200, while the installation cost estimate is $39,162. The calculated electric 
requirement is 3.1 kW and the net work required is 4.1 hp. This pump would have a utility cost 
of $0.24/hr. 
 
 
P-302 (see p. 59) is a carbon steel centrifugal pump used to pressurize the reflux stream from E-
302 to D-301 and S23. P-302 pumps the reflux at a flow rate of 1,931.12 gpm. This pump is 
required to ensure the reflux stream is at a higher pressure than the stage in the distillation 
column D-301. The pump has an efficiency of 70%. The total estimated purchase cost of P-302 
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is $25,500, while the installation cost estimate is $81,855. The calculated electric requirement is 
220.24kWand would have a utility cost of $17.18/hr. 
 
 
P-401 (see p. 60) is a carbon steel centrifugal pump used to pressurize the reflux stream from E-
402 to D-401 and S17. P-401 pumps the reflux at a flow rate of 2,403.62 gpm. This pump is 
required to ensure the reflux stream is at a higher pressure than the stage in the distillation 
column D-401. The pump has an efficiency of 70%. The total estimated purchase cost of P-401 
is $38,700, while the installation cost estimate is $124,227. The calculated electric requirement is 
274.12kW and would have a utility cost of $21.38/hr. 
 
 
P-402 (see p. 60) is a carbon steel centrifugal pump used to pressurize the reflux stream from E-
405 to D-402 and S25. P-403 pumps the reflux at a flow rate of 95.67 gpm. This pump is 
required to ensure the reflux stream is at a higher pressure than the stage in the distillation 
column D-402. The pump has an efficiency of 70%. The total estimated purchase cost of P-402 
is $5,700, while the installation cost estimate is $18,297. The calculated electric requirement is 
10.91kW and would have a utility cost of $0.85/hr. 
 
 
P-403 (see p. 61) is a carbon steel centrifugal pump used to pressurize the distillate stream S23 
of D-301 from 14.5 Psi to 21.76 Psi with a flow rate of 924.78 gpm. This pump is required to 
ensure the Feed stream S29is at a higher pressure than the stage in the distillation column D-401. 
The pump has an efficiency of 76% and a fluid heat of 22.5ft. The total estimated purchase cost 
of P-403 is $11,000, while the installation cost estimate is $35,310. The calculated electric 
requirement is 3.5 kW, with 4.7hp of net work required and would have a utility cost of $0.27/hr. 
 
 
 
 
 
 
VIII. Equipment List and Unit Descriptions  Downing, Haak, Jouzy, Sarnataro 
 
 43 
Reactor 
 
 
R-101 and R-102 (see p. 62 and p. 63) are identical stainless steel fixed bed catalytic reactors 
that convert ethanol to butanol in the presence of pressurized hydrogen. The reactors are run in 
parallel to avoid the large purchase and installation costs of one large reactor. The inlet streams 
S5 and S12 are split evenly and the product streams are mixed into stream S6. Inlet streams S12 
feeds the pressurized hydrogen at 725.2 Psi and 374°F while stream S5 is the ethanol feed and 
the recycled ethanol also at 725.2 Psi and 374°F. The reactants have a combined volumetric flow 
rate of 17,097 ft3/hr and a mass flow rate of 380,995 lbs/hr. The catalyst used is Ruthenium(III) 
Acetylacetonate, Ru(acac)3, has a volume of 6,852 ft3 and weighs 658,727 lbs. The reactor 
vessels each have a volume of 8,758.3 ft3 with a diameter of 7.5ft, length of 26.5 ft and a wall 
thickness of 1.7 inches. The heat duty for this reactor is -1,727,962 Btu/hr and requires a cooling 
water flow of 194,188 lbs/hr. The total estimated cost of each reactor is $411,200, while the 
installation cost estimate is $1,319,952. The catalyst costs $10,516,575 with a lifetime of 90 
days, which then accumulates to a yearly cost of $42,066,300. The hourly utility cost of R-101 
and R-102 is $0.39/hr each. 
 
 
Heat Exchangers 
 
 
HX-101 (see p. 69) is a counter current shell and tube heat exchanger used to heat stream S15 
from 86°F to 302°F using the reactor product stream S6 which is at 374°F. Stream S15 is the 
recovered hydrogen from F-201 that needs to be heated to feed into the reactor. HX-101 is a 
counter current heat exchanger with inlet stream S6 on the shell side and stream S15 on the tube 
side. Stream S6 is cooled from 374°F to 371.8°F and stream S15 is heated from 86°F to 302°F 
simultaneously. The flow rates of stream S6 and S15 are 380,996 lbs/hr and 2,245lbs/hr 
respectively. HX-101 has 120 tubes, a transfer area of 69.47 ft2 and an overall heat transfer 
coefficient of 149.69 Btu/hr*ft2 *R that allows for 1,612,674 Btu/hr of heat to transfer with no 
utility costs. The total estimated purchase cost of HX-101 is $10,700, while the installation cost 
estimate is $34,347. 
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HX-102 (see p. 70) is a counter current shell and tube heat exchanger used to heat stream S4 
from 168°F to 356°F using the slightly cooled reactor product stream S7 which is at 371.8°F. 
Stream S4 is the ethanol feed and the recovered Ethanol from D-401 that needs to be heated 
before feeding into the reactor. HX-102 is a counter current heat exchanger with inlet stream S7 
on the shell side and stream S4 on the tube side. Stream S7 is cooled from 371.8°F to 223.7°F 
and stream S4 is heated from 168°F to 356°F simultaneously. The flow rates of stream S7 and S4 
are 380,996 lbs/hr and 378,542 lbs/hr respectively. HX-102 has 120 tubes, a transfer area of 
15,326 ft2 and an overall heat transfer coefficient of 149.7 Btu/hr*ft2 *R that allows for 
75,522,737 Btu/hr of heat to transfer with no utility costs. The total estimated purchase cost of 
HX-102 is $548,000, while the installation cost estimate is $1,759,080. 
 
 
HX-103 (see p. 71) is a counter current shell and tube heat exchanger used to heat stream S2 
from 86.7°F to 131°F using the reactor product stream S8 after it comes out of HX-102 which is 
as 223.7°F.  
Stream S2 is the ethanol feed that has been pumped to 725.19 Psi and needs to be heated before 
feeding into the reactor. HX-103 is a counter current heat exchanger with inlet stream S8 on the 
shell side and stream S2 on the tube side. Stream S8 is cooled from 223.7°F to 216.9°F and 
stream S2 is heated from 86.7°F to 131°F simultaneously. The flow rates of stream S8 and S2 are 
380,996 lbs/hr and 82,268 lbs/hr respectively. HX-103 has 120 tubes, a transfer area of 146.47ft2 
and an overall heat transfer coefficient of 149.7 Btu/hr*ft2 *R that allows for 2,420,010 Btu/hr of 
heat to transfer with no utility costs. The total estimated purchase cost of HX-103 is $19,300, 
while the installation cost estimate is $61,953. 
 
 
HX-201 (see p. 72) is a counter current shell and tube heat exchanger used to cool stream S9 
from 216.9°F to 86°F using cooling water at 68°F. Stream S9 is the reactor product coming out 
of HX-103 and needs to be cooled before feeding into F-201 to ensure efficient use of the flash 
vessel and high hydrogen recovery. HX-201 is a counter current heat exchanger with cooling 
water on the shell side and stream S9 on the tube side. Stream S9 is cooled from 216.9°F to 86°F 
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and the cooling water is heated from 68°F to 78°F simultaneously. The flow rates of stream S9 
and the cooling water are 380,996 lbs/hr and 4,392,930 lbs/hr respectively. HX-201 has 120 
tubes, a transfer area of 13,046 ft2 that allows for 39,426,380 Btu/hr of heat to transfer with $8.82 
of utility costs. The total estimated purchase cost of HX-201 is $393,300, while the installation 
cost estimate is $1,262,493. 
 
 
HX-301 (see p. 73) is a counter current shell and tube heat exchanger used to completely 
condense the distillate products in D-301 using cooling water at 68°F. The distillate product is in 
the vapor phase and must be condensed before going into E-302, the reflux accumulator for D-
301. HX-301 is a counter current heat exchanger with cooling water on the shell side and the 
distillate stream of D-301 on the tube side. The distillate stream is completely condensed while 
the cooling water is heated from 68°F to 78°F simultaneously. The flow rates of the distillate 
stream and the cooling water are 7,355 lbs/hr and 20,303,460 lbs/hr respectively. HX-301 has 
120 tubes, a transfer area of 13,916 ft2 that allows for 182,222,782 Btu/hr of heat to transfer with 
$40.76 of utility costs. The total estimated purchase cost of HX-301 is $269,200, while the 
installation cost estimate is $864,132. 
 
 
HX-401 (see p. 74) is a counter current shell and tube heat exchanger used to completely 
condense the distillate products in D-401 using cooling water at 68°F. The distillate product is in 
the vapor phase and must be condensed before going into E-402, the reflux accumulator for D-
401. HX-401 is a counter current heat exchanger with cooling water on the shell side and the 
distillate stream of D-401 on the tube side. The distillate stream is completely condensed while 
the cooling water is heated from 68°F to 78°F simultaneously. The flow rates of the distillate 
stream and the cooling water are 6,432 lbs/hr and 38,975,460 lbs/hr respectively. HX-401 has 
120 tubes, a transfer area of 26,542 ft2 that allows for 349,803,269 Btu/hr of heat to transfer with 
$78.24 of utility costs. The total estimated purchase cost of HX-401 is $499,800 while the 
installation cost estimate is $1,604,358. 
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HX-402 (see p. 75) is a counter current shell and tube heat exchanger used to completely 
condense the distillate products in D-402 using cooling water at 68°F. The distillate product is in 
the vapor phase and must be condensed before going into E-405, the reflux accumulator for D-
402. HX-402 is a counter current heat exchanger with cooling water on the shell side and the 
distillate stream of D-402 on the tube side. The distillate stream is completely condensed while 
the cooling water is heated from 68°F to 78°F simultaneously. The flow rates of the distillate 
stream and the cooling water are 924 lbs/hr and 4,529,351 lbs/hr respectively. HX-402 has 120 
tubes, a transfer area of 1,412 ft2 that allows for 40,650,755 Btu/hr of heat to transfer with $9.09 
of utility costs. The total estimated purchase cost of HX-402 is $34,300 while the installation 
cost estimate is $110,103. 
 
 
HX-403 (see p. 76) is a counter current shell and tube heat exchanger used to cool stream S26 
from 408.8°F to 140°F using cooling water at 68°F. Stream S26 is the recovered ethylene-glycol 
in the bottoms product of D-402. This stream needs to be cooled before feeding into D-401 to 
ensure efficient use of the distillation column to separate ethanol and water. HX-403 is a counter 
current heat exchanger with cooling water on the shell side and stream S26 on the tube side. 
Stream S26 is cooled from 408.8°F to 140°F and the cooling water is heated from 68°F to 78°F 
simultaneously. The flow rates of stream S26 and the cooling water are 314,728 lbs/hr and 
6,255,117 lbs/hr respectively. HX-403 has 120 tubes, a transfer area of 4,476 ft2 that allows for 
56,139,440 Btu/hr of heat to transfer with $12.56 of utility costs. The total estimated purchase 
cost of HX-403 is $86,400, while the installation cost estimate is $277,344. 
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Distillation Columns 
 
 
D-301 (see p. 66) is a carbon steel, sieve tray distillation column used to separate the product, 
mostly butanol with some ethyl butanol, ethyl hexanol, hexanol, and octanol, from the water and 
unreacted ethanol. The tower has 40 stages, with a pressure drop of 0.12 psi per stage, and the 
tray efficiency was determined to be 73% for a total of 55 trays. The column has 24-inch tray 
spacing, with a total height of 122 feet and a diameter of 23 feet. The column operates at 265 °F 
and a molar reflux ratio of 0.448, and the overhead pressure in 14.5 psi. The feed stream, S21, 
enters the column on tray 28 at a flow rate of 379,000 lb/hr and a temperature of 86 °F. The 
distillate, S23, leaves the column at 172 °F and a flow rate of 313,000 lb/hr, while the bottoms, 
S22, leaves at 265 °F and a flow rate of 66,000 lb/hr. The total estimated purchase cost of D-301 
is $1,673,400, while the installation cost estimate is $5,371,614. 
 
 
D-401 (see p. 67) is a carbon steel, sieve tray distillation column used to separate the ethanol 
from water, using ethylene glycol as an entrainer, in order to recycle ethanol to the reactor. The 
tower has 45 stages, with a pressure drop of 0.12 psi per stage, and the tray efficiency was 
determined to be 73% for a total of 62 trays. The column has 24-inch tray spacing, with a total 
height of 136 feet and a diameter of 25 feet. The column operates at 335 °F  and a molar reflux 
ratio of 2.2, and the overhead pressure is 14.7 psi. The feed stream from D-301, S29, enters the 
column on tray 42 at a flow rate of 313,000 lb/hr and a temperature of 172 °F.  The second feed 
stream recycled from D-402, S27, enters the column on tray 18 at a flow rate of 315,000 lb/hr 
and a temperature of 140 °F.  The distillate, S23, leaves the column at 173 °F and a flow rate of 
296,000 lb/hr, while the bottoms, S22, leaves at 335 °F and a flow rate of 331,000 lb/hr. The total 
estimated purchase cost of D-401 is $1,991,100, while the installation cost estimate is 
$6,391,431. 
 
 
D-402 (see p. 68) is a carbon steel, sieve tray distillation column used to separate ethylene glycol 
from water, in order to purge water from the system and recycle ethylene glycol to the azeotropic 
distillation column, D-401. The tower has 35 stages, with a pressure drop of 0.12 psi per stage, 
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and the tray efficiency was determined to be 73% for a total of 48 trays. The column has 24-inch 
tray spacing, with a total height of 108 feet and a diameter of 12.5 feet. The column operates at 
409 °F and a molar reflux ratio of 1.5, and the overhead pressure is 14.7 psi. The feed stream 
from D-401, S24, enters the column on tray 21 at a flow rate of 331,000 lb/hr and a temperature 
of 334 °F.  The distillate, S25, leaves the column at 211 °F and a flow rate of 16,700 lb/hr, while 
the bottoms, S22, leaves at 409 °F and a flow rate of 315,000 lb/hr. The total estimated purchase 
cost of D-402 is $592,700, while the installation cost estimate is $1,902,567. 
 
 
Other Equipment 
 
 
E-301 (see p. 79) is a counter current U tube kettle reboiler made from carbon steel that reboils 
the bottoms product of column D-301. Most of the bottoms product of D-301 must be vaporized 
and returned to the column while the final product will leave E-301 from stream S22. E-301 is a 
counter current heat exchanger with the bottoms product on the shell side and the steam on the 
tube side. The bottoms product is vaporized using steam at 448°F and 400 Psi. The flow rates of 
the bottoms product and steam are 862 lbs/hr and 284,904 lbs/hr respectively. E-301 has 120 
tubes, a transfer area of 24,738 ft2 that allows for 210,594,315 Btu/hr with $3,336 of utility costs. 
The total estimated purchase cost of E-301 is $641,400, while the installation cost estimate is 
$2,058,894. 
 
 
E-401 (see p. 80) is a counter current U tube kettle reboiler made from carbon steel that reboils 
the bottoms product of column D-401. Most of the bottoms product of D-401 must be vaporized 
and returned to the column while the bottoms product will leave E-401 from stream S24 and feed 
to D-402. E-401 is a counter current heat exchanger with the bottoms product on the shell side 
and the steam on the tube side. The bottoms product is vaporized using steam at 448°F and 400 
Psi. The flow rates of the bottoms product and steam are 5,994 lbs/hr and 529,965 lbs/hr 
respectively. E-401 has 120 tubes, a transfer area of 61,939 ft2 that allows for 391,737,157 Btu/hr 
with $6,206 of utility costs. The total estimated purchase cost of E-401 isIn$1,658,600, while the 
installation cost estimate is $5,324,106. 
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E-403 (see p. 81) is a counter current U tube kettle reboiler made from carbon steel that reboils 
the bottoms product of column D-403. Most of the bottoms product of D-403 must be vaporized 
and returned to the column while the ethylene-glycol bottoms product will leave E-403 from 
stream S26 and feed to HX-403 before recycled into column D-401. E-403 is a counter current 
heat exchanger with the bottoms product on the shell side and the steam on the tube side. The 
bottoms product is vaporized using steam at 448°F and 400 Psi. The flow rates of the bottoms 
product and steam are 5,071 lbs/hr and 75,128 lbs/hr respectively. E-403 has 120 tubes, a 
transfer area of 14,468 ft2 that allows for 55,532,817 Btu/hr with $880 of utility costs. The total 
estimated purchase cost of E-403 is $496,200, while the installation cost estimate is $1,592,802. 
 
 
E-302 (see p. 82) is a carbon steel horizontal vessel that is used as a reflux accumulator for D-
301 that accumulates the overhead products before returning the reflux to the column or leaving 
in the distillate stream S23. E-302 is operating at 172°F and 14.5 Psi with a height of 27 ft and a 
diameter of 8.5ft that allows for a storage volume of 11,462 gallons. The total estimated purchase 
cost of E-302 is $50,800, while the installation cost estimate is $163,068. 
 
 
E-402 (see p. 83) is a carbon steel horizontal vessel that is used as a reflux accumulator for D-
401 that accumulates the overhead products before returning the reflux to the column or leaving 
in the distillate stream S17, which is the ethanol recycle. E-402 is operating at 173°F and 14.7 
Psi with a height of 29 ft and a diameter of 9ft that allows for a storage volume of 13,802 
gallons. The total estimated purchase cost of E-402 is $41,100, while the installation cost 
estimate is $131,931. 
 
 
E-405 (see p. 83) is a carbon steel horizontal vessel that is used as a reflux accumulator for D-
402 that accumulates the overhead products before returning the reflux to the column or leaving 
in the distillate stream S25 which is the water stream. E-405 is operating at 210.6°F and 14.7 Psi 
with a height of 10 ft and a diameter of 3.5 ft that allows for a storage volume of 720 gallons. 
The total estimated purchase cost of E-405 is $14,100, while the installation cost estimate is 
$45,261. 
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Flash Vessels 
 
 
F-201 (see p. 77) is vertical, carbon steel drum used to separate hydrogen from the rest of the 
components stream S18, in order to recycle it at the reactor pressure. The feed flows into the 
drum at 381,000 lb/hr, where it separates into a vapor stream, which leaves at 2,250 lb/hr, and a 
liquid stream, which leaves at 379,000 lb/hr. The drum has a diameter of 7.5 feet, a height of 23 
feet, and a volume of 7600 gallons, and it operates at 86 oF and 725 psi. The total estimated 
purchase cost of F-201 is $120,300, while the installation cost estimate is $386,163. 
 
 
F-202 (see p. 78) is vertical, carbon steel drum used to separate the remaining hydrogen from the 
rest of the components stream S19, in order to recover more and minimize costs. The feed flows 
into the drum at 379,000 lb/hr, where it separates into a vapor stream, which leaves at 210 lb/hr, 
and a liquid stream, which leaves at 379,000 lb/hr. The drum has a diameter of 7.5 feet, a height 
of 23 feet, and a volume of 7600 gallons, and it operates at 86 oF and 14.5 psi. The total 
estimated purchase cost of F-202 is $120,300, while the installation cost estimate is $386,163. 
 
 
Compressor 
 
 
C-101 (see p. 82) is a carbon steel, centrifugal compressor, used to raise the pressure of the low 
pressure hydrogen recycle and the hydrogen makeup to reactor pressure. The inlet stream, S28, 
enters at 420 gallons per minute and is compressed from 14.5 psi to 725 psi. The pump has a 
head of 944,000 feet lbf/lbm and has electricity and work requirements of 103 kW and 138 hp 
respectively. The total estimated purchase cost is $1,741,700, the installation cost estimate is 
$5,590,857, and the utility cost estimate is $7.96/hr. 
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Location 
  
 Our problem statement (Appendix D) limited the possible locations for our process to the 
United States and Brazil since these countries currently produce large amounts of ethanol for use 
as a fuel additive. The problem statement further distinguished between locating the plant at a 
rural or industrial site, as this affects the transportation costs of our material. The profitability of 
our project will largely depend on the choice of location. This section will outline the major 
factors that went into our final decision to locate in rural United States. 
  
Ethanol Price 
 The price of ethanol is perhaps the most critical factor in determining the profitability of 
our process. It is possible that producing butanol could actually lose money when compared to 
just selling the product from the ethanol plant. The price of butanol is assumed to be 1.3 to 1.5 
times the price of ethanol in either country. Therefore, if the price of ethanol were substantially 
larger in one country, it would easily make that country the more profitable choice. However, the 
ethanol prices in the U.S. and Brazil are roughly the same, hovering around $2-3/gallon. In 
addition, the prices of biofuels are highly dependent on government policy and subsides, making 
this analysis difficult to base wholly on predictions of future prices.  
 
Ethanol Supply 
 
 The continuous supply of ethanol in the United States makes it highly suitable for our 
process. In the U.S., ethanol is almost entirely produced from corn. Corn can be harvested year-
round, which translates to an uninterrupted, continuous supply of ethanol. In Brazil, ethanol is 
produced from sugarcane, which can only be harvested nine months of the year. Locating in 
Brazil would lead to two possible ways to run our process. Either run at a higher rate of 
production for nine months out of the year, or run at the same level of production year-round 
while utilizing enormous ethanol storage tanks. Both of these options would result in higher 
capital and utility costs, and the first option would lead to problems with employing workers for 
only nine months out of the year. Therefore, the continuous supply of ethanol is a major reason 
for locating our plant in the U.S. 
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Transportation 
 The costs of transportation mainly influence the decision to locate our process in a rural 
rather than an industrial site. It is assumed that the ethanol plant is located in a rural 
environment, and that the butanol must be transported to an industrial environment. Therefore it 
is advantageous to locate in the area with the lowest costs of transportation. Our problem 
statement states that it costs $0.05/gallon to transport ethanol to an industrial site, which equates 
to $5.0 million per year for our feed of 100 MM gallons. There are no costs of butanol 
transportation from an industrial site. The problem statement also states that it costs $0.05/gallon 
to transport butanol from a rural site, which comes to $3.3 million per year for our production of 
71.4 MM gallons. There are no costs of ethanol transportation to a rural site. Solely based on the 
costs of ethanol and butanol transportation, choosing to locate at a rural site saves $1.7 million 
per year. 
 The other cost data given in the problem statement relates to the purchase/transportation 
costs of hydrogen. It costs more to use hydrogen in a rural setting, at $0.75/lb in both the U.S. 
and Brazil. This leads to an annual cost of approximately $10,000 for a hydrogen requirement of 
12,800 lb/year. In an industrial setting, hydrogen costs $0.50/lb in the U.S. and $0.60/lb in 
Brazil. This translates to approximately $8,000/year and $6,500/year respectively. Clearly the 
several thousand dollars in savings on hydrogen cost achieved by locating at an industrial site are 
overshadowed by the $1.7 million in savings mentioned above. For this reason, and the other 
reasons outlined in this section, our plant will be located at a rural site in the United States. 
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Safety 
 
 Butanol and ethanol are both flammable materials, and both will be stored and 
transported in substantial quantities in around the plant. Precautions must be taken to ensure that 
they are kept at the correct temperature and pressure, and with the proper sensors and control 
systems to detect leaks. The auto-ignition point of butanol is 649 °F, and the auto-ignition point 
of ethanol is 685 °F. The highest temperature that either of these species experience is at the 
process is the exit from the reactor (S6) at 374 °F. This temperature is safely below the auto-
ignition point, meaning that there is no risk of auto-ignition.  
 Care must be taken to ensure that the ethanol and butanol storage tanks are in cool, well-
ventilated areas without risk of electrical sparks. Butanol must not be allowed to reach its 
flammability limit of 1.4% in air, as this would pose a serious safety hazard. Similarly, ethanol 
must not be allowed to reach its flammability limit of 3.3% in air. 
The side products of the reaction are hexanol, octanol, 2-ethylhexanol, and 2-
ethylbutanol. These are all flammable hydrocarbons, but are at such low concentrations 
throughout the process that they do not pose a hazard from a safety standpoint. The process is 
charged with ethylene glycol, which is flammable with an auto-ignition point of 748 °F. It 
reaches a temperature of 409 °F at almost pure ethylene glycol (S26). This is well below the 
auto-ignition temperature. Lastly, the pressurized hydrogen recycle stream (S11) reaches a 
temperature of 1232 °F, which could increase the risk of ignition. However, the flow rate of this 
stream is low at only 208 lb/hr and the hazard can be controlled with the proper equipment. 
 
 
Environmental  
 
 Our process will strictly adhere to regional and federal regulations to ensure that the 
transportation, storage, and discharge of our materials are done in an environmentally friendly 
manner. The ethanol and butanol storage tanks and transportation vehicles pose a potential 
environmental hazard in the event of an accidental release of material. Employee training and 
education is essential to preventing such an accident. 
 The water stream (S25) leaving distillation unit D-402 is 99.6 mol% water, with 0.1 
mol% butanol and 0.3% ethanol. The EPA regulates discharge water very tightly in order to 
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protect groundwater and drinking water. The proper permits must be obtained in order to begin 
discharging this water into the environment. 
 
Pilot Plant 
 
 This process is based on several assumptions that will need to be tested at pilot plant 
scale prior to the implementation of the full-scale plant. In particular, the reaction data obtained 
from U.S. Patent 8,318,990 was for a small batch reaction, not for the large continuous reaction 
proposed in this report. The conversion and selectivity to butanol may be different what was 
listed in the patent, and these differences must be quantified through further research. 
 The packed bed reactor design may need to be modified to compensate for these 
differences. The residence time in the reactor, hydrogen partial pressure, reactor temperature, and 
ethanol recycle rate are some of the factors that might be adjusted when more research is done. 
The separation sequences, however, would probably not be affected except to accommodate 
higher or lower flow rates of material. A pilot plant will be able to answer these questions and 
determine whether the development of the full-scale plant is feasible. 
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Pumps 
 
P-101 
Block 
Type: Pump 
 
Inlet Stream: S1 
 
Type: Centrifugal Outlet Stream: S2 
Function: 
To raise the pressure of stream S1 
to 725 psia 
   
Design: Casing Material: Carbon Steel Inlet Pressure: 15 psia 
 
Liquid Flow Rate: 226.88 gpm Outlet Pressure: 
725.19 
psia 
 
Fluid Head: 2059.5 ft Electricity: 
102.262 
kW 
 
Pump Efficiency: 62.31 % 
Net Work 
Required: 
137.136 
hp 
 
Total Weight: 16,582 lb 
  
Cost: Purchase Cost: 
Bare Module 
Cost: Utility (USD/hr): 
 
 
$85,100.00 $273,171.00 $7.98 
 Remarks: 
     
P-102 
Block 
Type: Pump 
 
Inlet Stream: S18 
 
Type: Centrifugal Outlet Stream: S19 
Function: 
To raise the pressure of stream S18 
to 725 psi 
   
Design: Casing Material: Carbon Steel Inlet Pressure: 14.7 psia 
 
Liquid Flow Rate: 815.09 gpm Outlet Pressure: 
725.19 
psia 
 
Fluid Head: 2055.39 ft Electricity: 
306.531 
kW 
 
Pump Efficiency: 74.71% 
Net Work 
Required: 
411.064 
hp 
 
Total Weight: 31,536 lb 
  
Cost: Purchase Cost: 
Bare Module 
Cost: Utility (USD/hr): 
 
 
$155,700.00 $499,797.00 $23.91 
 Remarks: 
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P-301 
Block 
Type: Pump 
 
Inlet Stream: S23 
 
Type: Centrifugal Outlet Stream: S24 
Function: 
To raise the pressure of stream S23 to 
23.3 psia 
   
Design: Casing Material: Carbon Steel Inlet Pressure: 
14.5 
psia 
 
Liquid Flow Rate: 1031.62 gpm Outlet Pressure: 
23.3 
psia 
 
Fluid Head: 16.625 ft Electricity: 
3.09 
kW 
 
Pump Efficiency: 76.57% 
Net Work 
Required: 4.14 hp 
 
Total Weight: 10767 lb 
  
Cost: Purchase Cost: 
Bare Module 
Cost: Utility (USD/hr): 
 
 
$12,200.00 $39,162.00 $0.24 
 
Remarks: 
     
P-302 
Block 
Type: Reflux Pump for D-301 
 
Inlet Stream: Reflux  
 
Type: Centrifugal Outlet Stream: Reflux  
Function: 
To enable the reflux flow to reach the top 
of the column 
   
Design: Casing Material: Carbon Steel Electricity: 
220.24 
kW 
 
Liquid Flow Rate: 1931.21 gpm 
  
 
Pump Efficiency: 70% 
  
 
Total Weight: 19, 721 lb 
  
     
Cost: Purchase Cost: 
Bare Module 
Cost: 
Utility 
(USD/hr): 
 
 
$25,500.00 $81,855.00 $17.18 
 
Remarks: 
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P-401 
Block 
Type: Pump 
 
Inlet Stream: Reflux 
 
Type: Centrifugal Outlet Stream: Reflux 
Function: 
To enable the reflux flow to reach the 
top of the column 
   
Design: Casing Material: Carbon Steel Electricity: 
274.12 
kW 
 
Liquid Flow Rate: 2403.62 gpm 
  
 
Pump Efficiency: 70% 
  
 
Total Weight: 22,439 lb 
  
     
Cost: Purchase Cost: 
Bare Module 
Cost: 
Utility 
(USD/hr): 
 
 
$38,700.00 $124,227.00 $21.38 
 
Remarks: 
     
P-402 
Block 
Type: Pump 
 
Inlet Stream: Reflux 
 
Type: Centrifugal Outlet Stream: Reflux 
Function: 
To enable the reflux flow to reach the 
top of the column 
   
Design: Casing Material: Carbon Steel Electricity: 
10.91 
kW 
 
Liquid Flow Rate: 95.67 gpm 
  
 
Pump Efficiency: 70% 
  
 
Total Weight: 4629 lb 
  
     
Cost: Purchase Cost: 
Bare Module 
Cost: 
Utility 
(USD/hr): 
 
 
$5,700.00 $18,297.00 $0.85 
 
Remarks: 
     
 
XI. Specification Sheets  Downing, Haak, Jouzy, Sarnataro 
 
 61 
 
P-403 
Block 
Type: Pump 
 
Inlet Stream: S23 
 
Type: Centrifugal Outlet Stream: S29 
Function: 
To raise the pressure of stream S23 to 
27.75 psi 
   
Design: Casing Material: Carbon Steel Inlet Pressure: 14.5 psi 
 
Liquid Flow Rate: 420.38 gpm Outlet Pressure: 
21.76 
psi 
 
Fluid Head: 22.5 ft Electricity: 
3.502 
kW 
 
Pump Efficiency: 75% 
Net Work 
Required: 4.70 hp 
 
Total Weight: 10,561 lb 
  
Cost: Purchase Cost: 
Bare Module 
Cost: Utility (USD/hr): 
 
 
$11,000.00 $35,310.00 $0.27 
 
Remarks: 
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Reactors 
R-101-1 
Block Type: 
Fixed Bed 
Catalytic Reactor 
   
Function: To convert ethanol to butanol 
 
Main Reaction: 2 Ethanol--> 1 Butanol + 1 Water 
 
Secondary Reaction: 14 Ethanol--> 10 Water+ 4 Side Products 
Materials: 
 
Inlet Outlet 
 
 
Stream S5, S13 - - - 
 
 
Mass Flow (lb/hr) 380995 380995 
 
 
Volumetric Flow 
(ft3/hr) 17097 - - - - - 
 Breakdown (lb/hr): 
   
 
Water 28 8333 
 
 
Ethanol 378740 337646 
 
 
Butanol 6 30475 
 
 
Hydrogen 2222 2222 
 
 
2-Ethyl Hexanol Trace 510 
 
 
2-Ethyl Butanol Trace 650 
 
 
n-Hexanol Trace 510 
 
 
n-Octanol Trace 650 
 
 
Ethylene Glycol Trace Trace 
 Operating 
Condititions: 
 
Inlet Outlet 
 
 
Temperature (F) 374 374 
 
 
Pressure (psia) 725.19 725.14 
 
Design Data: 
    
 
Contruction 
Material Stainless Steel Catalyst Ru(acac)3 
 
Vessel Weight (lb) 109400 Residence Time (hr) 0.76 
 
Volume (gal) 8758.3 
Catalyst Volume 
(ft3) 6851.81 
 
Diameter (ft) 7.5 Catalyst Weight (lb) 658726.9 
 
Length (ft) 26.5 Catalyst Cost $10,516,574.96 
 
Wall Thickness 
(in) 1.7 Catalyst Life 90 
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R-101-1 Continued 
 
Heat Duty (btu/hr) -1727961.94 
Cooling Water Flow 
(lb/hr) 194187.5 
Costs: 
    
 
Purchase Cost: 
Bare Module 
Cost: 
Annual Catalyst 
Cost: 
Hourly Utility 
Cost: 
 
$411,200.00 $1,319,952.00 $42,066,299.83 $0.39 
Remarks: First of 2 reactors. Reactors are in parallel. 
 
R-101-2 
Block Type: 
Fixed Bed 
Catalytic Reactor 
   Function: To convert ethanol to butanol 
 
Main Reaction: 2 Ethanol--> 1 Butanol + 1 Water 
 
Secondary Reaction: 14 Ethanol--> 10 Water+ 4 Side Products 
Materials: 
 
Inlet Outlet 
 
 
Stream - - -  S6 
 
 
Mass Flow (lb/hr) 380985 380985 
 
 
Volumetric Flow 
(ft3/hr) - - - - - 34139.34 
 Breakdown (lb/hr): 
  
 
 
Water 8333 16637 
 
 
Ethanol 337646 296553 
 
 
Butanol 30475 60943 
 
 
Hydrogen 2222 2222 
 
 
2-Ethyl Hexanol 510 1020 
 
 
2-Ethyl Butanol 650 1300 
 
 
n-Hexanol 510 1020 
 
 
n-Octanol 650 1300 
 
 
Ethylene Glycol Trace Trace 
 Operating 
Condititions: 
 
Inlet Outlet 
 
 
Temperature (F) 374 374 
 
 
Pressure (psia) 725.14 725.08 
 Design Data: 
    
 
Contruction 
Material Stainless Steel Catalyst Ru(acac)3 
 
Vessel Weight (lb) 109400 Residence Time (hr) 0.76 
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R-101-2 Continued 
 
Volume (gal) 8758.3 
Catalyst Volume 
(ft3) 6851.81 
 
Diameter (ft) 7.5 Catalyst Weight (lb) 658726.9 
 
Length (ft) 26.5 Catalyst Cost $10,516,574.96 
 
Wall Thickness 
(in) 1.7 Catalyst Life 90 
 
Heat Duty (btu/hr) -1727961.94 
Cooling Water Flow 
(lb/hr) 194187.5 
Costs: 
    
 
Purchase Cost: 
Bare Module 
Cost: 
Annual Catalyst 
Cost: 
Hourly Utility 
Cost: 
 
$411,200.00 $1,319,952.00 $42,066,299.83 $0.39 
Remarks: Second of 2 reactors. Reactors are in parallel. 
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Distillation Columns 
D-301 
Block Type: 
Sieve Tray Distillation 
Tower 
   
Function: 
To remove ethanol and water from the butanol and heavy alcohols that make up 
the product 
Materials: 
 
Feed Distillate Bottoms 
 
Stream S21 S23 S22 
 
Temperature (F) 86 172 265 
 
Pressure (psi) 20 15 21 
 
Mass Flow (lb/hr) 378542 312975 65567 
Breakdown (lb/hr) 
  
 
 
Water 16625 16625 Trace 
 
Ethanol 296339 296320 20 
 
Butanol 60937 30 60907 
 
Hydrogen 0 0 0 
 
2-Ethyl Hexanol 1020 Trace 1020 
 
2-Ethyl Butanol 1300 Trace 1300 
 
n-Hexanol 1020 Trace 1020 
 
n-Octanol 1300 Trace 1300 
 
Ethylene Glycol Trace Trace Trace 
Design 
Data: 
    
 
Number of Stages: 40 Tray Type: Sieve 
 
Height (ft): 122 Feed Stage: 20 
 
Diameter (ft): 23 Molar Reflux Ratio: 0.448 
 
Weight (lb): 930,078 
Stage Pressure Drop 
(psi): 0.12 
 
Material:  Carbon Steel Overhead Pressure (psi): 14.5 
 
Tray Spacing (ft):  2 
Operating Temperature 
(F): 265 
 
Number of Trays: 55 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$1,673,400.00 
 
$5,371,614.00 
Remarks: 
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D-401 
Block Type: Sieve Tray Distillation Tower 
Function: To separate ethanol for the purpose of recycling it back to the reactor 
Materials: 
 
Feed Distillate Bottoms 
 
Stream S29, S27 S17 S24 
 
Temperature (F) 156 173 335 
 
Pressure (psi) 21.8 14.7 21.9 
 
Mass Flow (lb/hr) 627703 296275 331428 
Breakdown (lb/hr) 
   
 
Water 16627 16 16611 
 
Ethanol 296320 296258 61 
 
Butanol 30 Trace 30 
 
Hydrogen 0 0 0 
 
2-Ethyl Hexanol 0 0 0 
 
2-Ethyl Butanol 0 0 0 
 
n-Hexanol 0 0 0 
 
n-Octanol 0 0 0 
 
Ethylene Glycol 314726 Trace 314726 
Design Data: 
    
 
Number of Stages: 45 Tray Type: Sieve 
 
Height (ft): 136 Feed Stages: 13, 30 
 
Diameter (ft): 25 Molar Reflux Ratio: 2.2 
 
Weight (lb): 1,100,000 Stage Pressure Drop (psi): 0.12 
 
Material:  Carbon Steel Overhead Pressure (psi): 14.7 
 
Tray Spacing (ft): 2 Operating Temperature (F): 335 
 
Number of Trays: 62 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$816,900.00 
 
$2,622,249.00 
Remarks: 
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D-402 
Block Type: 
Sieve Tray Distillation 
Tower 
   
Function: To remove water from the system 
Materials: 
 
Feed Distillate Bottoms 
 
Stream S24 S25 S26 
 
Temperature (F) 335 211 409 
 
Pressure (psi) 21.9 14.7 20.9 
 
Mass Flow (lb/hr) 331428 16700 314728 
Breakdown (lb/hr) 
   
 
Water 16611 16609 2 
 
Ethanol 61 61 0 
 
Butanol 30 30 0 
 
Hydrogen 0 0 0 
 
2-Ethyl Hexanol 0 0 0 
 
2-Ethyl Butanol 0 0 0 
 
n-Hexanol 0 0 0 
 
n-Octanol 0 0 0 
 
Ethylene Glycol 314726 0 314726 
Design 
Data: 
    
 
Number of Stages: 35 Tray Type: Sieve 
 
Height (ft): 108 Feed Stage: 15 
 
Diameter (ft): 12.5 Molar Reflux Ratio: 1.5 
 
Weight (lb): 314,036 
Stage Pressure Drop 
(psi): 0.12 
 
Material:  
Carbon 
Steel Overhead Pressure (psi): 14.7 
 
Tray Spacing (ft): 2 
Operating Temperature 
(F): 409 
 
Number of Trays: 48 
  Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$592,700.00 
 
$1,902,567.00 
Remarks: 
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Heat Exchangers 
HX-101 
Block Type: Shell and Tube Heat Exchanger 
Function: To heat stream S15 to 302 F 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream S6 S7 
 
Temperature (F) 374 371.8 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 380996 380996 
Tube 
   
 
Stream S15 S14 
 
Temperature (F) 86 302 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 2245.33 2245.33 
Design 
Data: Weight (lb) 10904 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Transfer Area (ft2) 69.47 
 
 
Overall Heat Transfer Coefficient 
(BTU/(hr*ft2*R) 149.69 
 
 
Heat Transferred (BTU/hr) 1612673.79 
 
Costs: 
   
 
Purchase Cost: 
Bare Module 
Cost: 
Utilities Cost per 
hour: 
 
$11,000.00 $35,310.00 $0.00 
Remarks: 
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HX-102 
Block Type: Shell and Tube Heat Exchanger 
Function: To heat stream S4 to 356 F 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream S7 S8 
 
Temperature (F) 371.8 223.7 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 380996 380996 
Tube 
   
 
Stream S4 S5 
 
Temperature (F) 168.1 356 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 378542 378542 
Design 
Data: Weight (lb) 260512 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Transfer Area (ft2) 16811.12 
 
 
Overall Heat Transfer Coefficient 
(BTU/(hr*ft2*R) 149.7 
 
 
Heat Transferred (BTU/hr) 72,522,737 
 
Costs: 
   
 
Purchase Cost: 
Bare Module 
Cost: 
Utilities Cost per 
hour: 
 
$548,000.00 $1,759,080.00 $0.00 
Remarks: 
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HX-103 
Block Type: Shell and Tube Heat Exchanger 
Function: To heat stream S2 to 131 F 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream S8 S9 
 
Temperature (F) 223.7 216.9 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 380996 380996 
Tube 
   
 
Stream S2 S3 
 
Temperature (F) 86.7 131 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 82267.53 82267.53 
Design 
Data: Weight (lb) 16450 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Transfer Area (ft2) 146.47 
 
 
Overall Heat Transfer Coefficient 
(BTU/(hr*ft2*R) 149.69 
 
 
Heat Transferred (BTU/hr) 2420010.74 
 
Costs: 
   
 
Purchase Cost: 
Bare Module 
Cost: 
Utilities Cost per 
hour: 
 
$19,300.00 $61,953.00 $0.00 
Remarks: 
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HX-201 
Block Type: Shell and Tube Heat Exchanger 
Function: To cool stream S9 to 86 F 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream CW CW 
 
Temperature (F) 68 78 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lb/hr) 4392930.15 4392930.15 
Tube 
   
 
Stream S9 S18 
 
Temperature (F) 216.9 86 
 
Pressure (psi) 725.19 725.19 
 
Flow Rate (lb/hr) 380996 380996 
Design Data: Weight (lb) 83040 
 
 
Construction Material Carbon Steel  
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Heat Transferred (BTU/hr) -39,426,380 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$162,600.00 $521,946.00 $8.82 
Remarks: 
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HX-301 
Block Type: Condenser for D-301 
Function: To completely condense the distillate phase of column D-301 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream CW CW 
 
Temperature (F) 68 78 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lb/hr) 20303460.5 20303460.5 
Tube 
   
 
Stream Reflux Reflux 
 
Temperature (F) 172.1 172.1 
 
Pressure (psi) 14.5 14.5 
 
Flow Rate (lbmol/hr) 7355.3285 7355.3285 
Design Data: Weight (lb) 130,218 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Heat Transferred (BTU/hr) -182,222,782 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$269,200.00 $864,132.00 $40.76 
Remarks: 
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HX-401 
Block Type: Condenser for D-401 
Function: To completely condense distillate for D-401 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream CW CW 
 
Temperature (F) 68 78 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lb/hr) 38975460.5 38975460.5 
Tube 
   
 
Stream Reflux Reflux 
 
Temperature (F) 173 173 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lbmol/hr) 6431.7 6431.7 
Design Data: Weight (lb) 234518 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Heat Transferred (BTU/hr) -349803269 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$499,800.00 $1,604,358.00 $78.24 
Remarks: 
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HX-402 
Block Type: Condenser for D-402 
Function: To completely condense distillate for D-402 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream CW CW 
 
Temperature (F) 68 78 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lb/hr) 4529351.35 4529351.35 
Tube 
   
 
Stream Reflux Reflux 
 
Temperature (F) 210.5 210.5 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lbmol/hr) 923.7 923.7 
Design Data: Weight (lb) 27318 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Heat Transferred (BTU/hr) -40650755.3 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$34,300.00 $110,103.00 $9.09 
Remarks: 
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HX-403 
Block Type: Shell and Tube Heat Exchanger 
Function: To cool stream S26 to 140 F 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream CW CW 
 
Temperature (F) 68 78 
 
Pressure (psi) 14.7 14.7 
 
Flow Rate (lb/hr) 6255117.45 6255117.45 
Tube 
   
 
Stream S26 S27 
 
Temperature (F) 408.8 140 
 
Pressure (psi) 20.9 29.4 
 
Flow Rate (lb/hr) 314728 314728 
Design Data: Weight (lb) 54944 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Number of Shell Passes 1 
 
 
Heat Transferred (BTU/hr) -56139440 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$86,400.00 $277,344.00 $12.56 
Remarks: 
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Flash Vessels 
F-201 
Block Type: Flash Drum 
Function: To separate hydrogen from the product 
Materials: 
 
Feed Vapor Liquid 
 
Stream S18 S15 S19 
 
Phase MIX VAP LIQ 
 
Mass Flow Rate (lb/hr) 380996 2245.329 378750 
Breakdown (lb/hr) 
   
 
Water 16637.06 4.427597 16632.63 
 
Ethanol 296553 81.42814 296472 
 
Butanol 60943.37 2.310741 60941.06 
 
Hydrogen 2222.127 2157.151 64.97619 
 
2-Ethyl hexanol 1020.024 0.00622906 1020.018 
 
2-Ethyl butanol 1300.065 0.000740605 1300.064 
 
n-Hexanol 1020.019 0.00401007 1020.015 
 
n-Octanol 1300.065 0.000657462 1300.064 
 
Ethylene Glycol Trace Trace Trace 
Operating Conditions: 
    
 
Temperature (F) 86 
 
 
 
Pressure (psi) 725.2 
  
Design Data: 
    
 
Construction Material Carbon Steel Diameter (ft) 7.5 
 
Weight (lb) 84492 Height (ft) 23 
 
Volume (gal) 7601.5 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$120,300.00 
 
$386,163.00 
Remarks: 
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F-202 
Block Type: Flash Drum 
Function: To separate hydrogen from the product 
Materials: 
 
Feed Vapor Liquid 
 
Stream S19 S13 S20 
 
Phase MIX VAP LIQ 
 
Mass Flow Rate (lb/hr) 378750 207.0603 378543 
Breakdown (lb/hr) 
   
 
Water 16632.63 7.217157 16625.41 
 
Ethanol 296472 132.272 296339 
 
Butanol 60941.06 3.750573 60937.31 
 
Hydrogen 64.97619 63.8017 1.174487 
 
2-Ethyl hexanol 1020.018 0.010088 1020.008 
 
2-Ethyl butanol 1300.064 0.00119456 1300.063 
 
n-Hexanol 1020.015 0.00649329 1020.008 
 
n-Octanol 1300.064 0.00106354 1300.063 
 
Ethylene Glycol Trace Trace Trace 
Operating Conditions: 
    
 
Temperature (F) 85.8 
 
 
 
Pressure (psi) 14.5 
  
Design Data: 
    
 
Construction Material Carbon Steel Diameter (ft) 7.5 
 
Weight (lb) 84492 Height (ft) 23 
 
Volume (gal) 7601.5 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$120,300.00 
 
$386,163.00 
Remarks: 
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Reboilers 
E-301 
Block Type: U Tube Kettle Reboiler 
Function: To reboil bottoms stream in column D-301 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream Bottoms Bottoms 
 
Temperature (F) 265.3 265.3 
 
Pressure (psi) 21.2 21.2 
 
Flow Rate (lbmol/hr) 862.1 862.1 
Tube 
   
 
Stream S S 
 
Temperature (F) 448 448 
 
Pressure (psi) 400 400 
 
Flow Rate (lb/hr) 284904.1 284904.1 
Design Data: Weight (lb) 255151 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Heat Transfer Area (ft2) 24,738 
 
 
Heat Transferred (BTU/hr) 210,594,315 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$641,400.00 $2,058,894.00 $3,336.23 
Remarks: 
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E-401 
Block Type: U Tube Kettle Reboiler 
Function: To reboil bottoms stream in column D-401 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream Bottoms Bottoms 
 
Temperature (F) 335.3 335.3 
 
Pressure (psi) 21.9 21.9 
 
Flow Rate (lbmol/hr) 5994.4 5994.4 
Tube 
   
 
Stream S S 
 
Temperature (F) 448 448 
 
Pressure (psi) 400 400 
 
Flow Rate (lb/hr) 529964.6 529964.6 
Design Data: Weight (lb) 605053 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Heat Transfer Area (ft2) 61,939 
 
 
Heat Transferred (BTU/hr) 391,737,157.00 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$1,658,600.00 $5,324,106.00 $6,205.88 
Remarks: 
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E-403 
Block Type: U Tube Kettle Reboiler 
Function: To reboil bottoms stream in column D-403 
  
Inlet Outlet 
Shell 
 
 
 
 
Stream Bottoms Bottoms 
 
Temperature (F) 408.76 408.76 
 
Pressure (psi) 20.9 20.9 
 
Flow Rate (lbmol/hr) 5070.7 5070.7 
Tube 
   
 
Stream S S 
 
Temperature (F) 448 448 
 
Pressure (psi) 400 400 
 
Flow Rate (lb/hr) 75128.0 75128.0 
Design Data: Weight (lb) 187188 
 
 
Construction Material Carbon Steel 
 
 
Flow Direction Counter Current 
 
 
Number of Tubes 120 
 
 
Number of Tube Passes 1 
 
 
Heat Transfer Area (ft2) 14,468 
 
 
Heat Transferred (BTU/hr) 55,532,817 
 
Costs: 
   
 
Purchase Cost: Bare Module Cost: Utilities Cost per hour: 
 
$496,200.00 $1,592,802.00 $879.75 
Remarks: 
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Compressor 
C-101 
Block Type: Compressor 
 
Inlet Stream: S28 
 
Type: Centrifugal Outlet Stream: S11 
Function: To raise the pressure of stream S28 to 725.19 psi 
Design: Casing Material: Carbon Steel Inlet Pressure: 14.5 psi 
 
Inlet Volumetric Flow Rate: 420.38 gpm Outlet Pressure: 725.19 psi 
 
Head: 943528 ft lbf/lbm Electricity: 102.77 kW 
 
Total Weight: 38,279 lb Net Work Required: 137.82 hp 
     
Cost: Purchase Cost: Bare Module Cost: Utility (USD/hr): 
 
 
$1,741,700.00 $5,590,857.00 $7.96 
  
 
 
Reflux Accumulators 
E-302 
Block 
Type: 
Reflux Accumulator for D-
301 
 
Inlet Stream: Reflux 
 
Type: Horizontal Vessel Outlet Stream Reflux 
Function: 
To accumulate reflux and distillate before it returns to the column D-301 or ir 
leaves in distillate stream S23  
Design 
Data: 
    
 
Construction Material Carbon Steel Temperature: 172.08 F 
 
Storage Volume: 11462 gal Pressure: 14.5 psi 
 
Diameter: 8.5 ft Weight: 48,390 lb 
 
Height: 27 ft 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$50,800.00 
 
$163,068.00 
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E-402 
Block 
Type: 
Reflux Accumulator for D-
401 
 
Inlet Stream: Reflux 
 
Type: Horizontal Vessel Outlet Stream Reflux 
Function: 
To accumulate reflux and distillate before it returns to the column D-401 or ir 
leaves in distillate stream S17  
Design 
Data: 
    
 
Construction Material Carbon Steel Temperature: 172.96 F 
 
Storage Volume: 13802 gal Pressure: 14.7 psi 
 
Diameter: 9 ft Weight: 44,782 lb 
 
Height: 29 ft 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$41,100.00 
 
$131,931.00 
 
E-405 
Block 
Type: 
Reflux Accumulator for D-
402 
 
Inlet Stream: Reflux 
 
Type: Horizontal Vessel Outlet Stream Reflux 
Function: 
To accumulate reflux and distillate before it returns to the column D-402 or ir 
leaves in distillate stream S25  
Design 
Data: 
    
 
Construction Material Carbon Steel Temperature: 210.55 F 
 
Storage Volume: 719.8 gal Pressure: 14.7 psi 
 
Diameter: 3.5 ft Weight: 12,494 lb 
 
Height: 10 ft 
  
Costs: 
    
 
Purchase Cost: 
 
Bare Module Cost: 
 
  
$14,100.00 
 
$45,261.00 
 
 
 
XII. Cost Summaries  Downing, Haak, Jouzy, Sarnataro 
 
 83 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Section XII 
Cost Summaries 
 
 
 
 
 
 
 
 
 
 
 
XII. Cost Summaries  Downing, Haak, Jouzy, Sarnataro 
 
 84 
 
 
Table 12.1. General Input Summary 
General Information               
 
Process Title: Ethanol to Butanol 
     
 
Product: Butanol  
      
 
Plant Site Location: United States 
      
 
Site Factor: 1.00 
      
 
Operating Hours per Year: 7920 
      
 
Operating Days Per Year: 330 
      
 
Operating Factor: 0.9041 
      
         
         Product Information               
This Process will Yield 
       
  
9,026 gal of Butanol  per hour 
    
  
216,624 gal of Butanol  per day 
    
  
71,485,920 gal of Butanol  per year 
    
         
 
Price $4.41  /gal 
     
         Chronology                 
  
Distribution of Production  Depreciation 
 
Product Price 
Year Action Permanent Investment Capacity 5 year MACRS 
  2014 Design 
 
0.0% 
    2015 Construction 100% 0.0% 
    2016 Production 0% 45.0% 20.00% 
 
$4.41  
 2017 Production 0% 67.5% 32.00% 
 
$4.41  
 2018 Production 0% 90.0% 19.20% 
 
$4.41  
 2019 Production 
 
90.0% 11.52% 
 
$4.41  
 2020 Production 
 
90.0% 11.52% 
 
$4.41  
 2021 Production 
 
90.0% 5.76% 
 
$4.41  
 2022 Production 
 
90.0% 
  
$4.41  
 2023 Production 
 
90.0% 
  
$4.41  
 2024 Production 
 
90.0% 
  
$4.41  
 2025 Production 
 
90.0% 
  
$4.41  
 2026 Production 
 
90.0% 
  
$4.41  
 2027 Production 
 
90.0% 
  
$4.41  
 2028 Production 
 
90.0% 
  
$4.41  
 2029 Production 
 
90.0% 
  
$4.41  
 2030 Production 
 
90.0% 
  
$4.41  
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Table 12.2. Equipment Cost Input Summary 
Equipment Costs             
        Equipment Description 
    
Bare Module Cost 
        R-01 
  
Fabricated Equipment 
 
$1,319,952 
 R-02 
  
Fabricated Equipment 
 
$1,319,952 
 C-101 
  
Process Machinery 
 
$6,131,100 
 HX-101 
  
Fabricated Equipment 
 
$35,310 
 HX-102 
  
Fabricated Equipment 
 
$1,759,080 
 HX-103 
  
Fabricated Equipment 
 
$61,953 
 P-101 
  
Process Machinery 
 
$273,171 
 P-102 
  
Process Machinery 
 
$499,797 
 HX-201 
  
Fabricated Equipment 
 
$1,259,925 
 F-201 
  
Fabricated Equipment 
 
$386,163 
 F-202 
  
Fabricated Equipment 
 
$386,163 
 D-301 
  
Fabricated Equipment 
 
$5,473,371 
 E-301 
  
Fabricated Equipment 
 
$1,498,107 
 HX-301 
  
Fabricated Equipment 
 
$860,601 
 E-302 
  
Fabricated Equipment 
 
$162,105 
 P-302 
  
Process Machinery 
 
$124,227 
 D-401 
  
Fabricated Equipment 
 
$6,391,431 
 HX-401 
  
Fabricated Equipment 
 
$1,605,000 
 E-401 
  
Fabricated Equipment 
 
$5,304,846 
 E-402 
  
Storage 
  
$131,931 
 P-401 
  
Process Machinery 
 
$124,227 
 D-402 
  
Fabricated Equipment 
 
$1,902,567 
 HX-402 
  
Fabricated Equipment 
 
$110,424 
 E-403 
  
Fabricated Equipment 
 
$1,593,765 
 E-404 
  
Storage 
  
$45,261 
 P-402 
  
Process Machinery 
 
$18,297 
 HX-403 
  
Fabricated Equipment 
 
$277,344 
 Ru(acac)3 
  
Catalysts 
  
$1,288,109 
 Ethylene Glycol 
 
Catalysts 
  
$496,322 
 ST-01 
  
Storage 
  
$6,940,341 
 ST-02 
  
Storage 
  
$7,441,743 
 ST-03 
  
Storage 
  
$56,496 
 P-301 
  
Process Machinery 
 
$39,162 
 
        
        
        
        
        
        
        Total 
     
$55,318,243 
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Table 12.3. Costs of Raw Materials and Utilities Input Summary 
Raw Materials               
 
Raw Material: Unit: Required Ratio: 
 
Cost of Raw Material: 
 1 Ethanol gal 1.39 gal per gal of Butanol  $2.940 per gal 
 2 Hydrogen lb 0.000192 lb per gal of Butanol  $0.05 per lb 
 3 Ru(acac)3 lb 0.0368 lb per gal of Butanol  $31.93 per lb 
 
         
         
         
         
         
         
 
              
 
 
Total Weighted Average: 
    
$5.262 per gal of Butanol  
         Utilities                 
 
Utility: Unit: Ratio to Product 
 
Utility Cost 
 1 Steam @ 100 psi lb 0.003450792 lb per gal of Butanol  $8.140E-03 per lb 
 2 Steam @ 165 psi lb 0.006729597 lb per gal of Butanol  $9.760E-03 per lb 
 3 
 
lb 0.001045121 lb per gal of Butanol  $9.760E-03 per lb 
 4 Cooling Water lb 0.060542231 lb per gal of Butanol  $1.200E-04 per lb 
 5 Electricity kWh 0.0000174 kWh per gal of Butanol  $0.078 per kWh 
 
         
         
         
         
 
              
 
 
Total Weighted Average: 
    
$1.126E-04 per gal of Butanol  
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Table 12.4. Variable Costs, Working Capital and Total Permanent Investment Input Summary 
Variable Costs               
 
General Expenses: 
       
   
Selling / Transfer Expenses: 
3.00
% of Sales 
   
   
Direct Research: 
4.80
% of Sales 
   
   
Allocated Research: 
0.50
% of Sales 
   
   
Administrative Expense: 
2.00
% of Sales 
   
   
Management Incentive Compensation: 
1.25
% of Sales 
   
         Working Capital               
         
 
Accounts Receivable 
 
a 30 Days 
   
 
Cash Reserves (excluding Raw 
Materials) a 30 Days 
   
 
Accounts Payable 
 
a 30 Days 
   
 
Butanol  Inventory 
 
a 4 Days 
   
 
Raw Materials 
 
a 2 Days 
   
         
         Total Permanent 
Investment               
         
   
Cost of Site Preparations: 
5.00
% 
of Total Bare Module 
Costs 
  
   
Cost of Service Facilities: 
5.00
% 
of Total Bare Module 
Costs 
  
   
Allocated Costs for utility plants and 
related facilities: $0  
    
   
Cost of Contingencies and Contractor 
Fees: 
18.00
% 
of Direct Permanent 
Investment 
 
   
Cost of Land: 
2.00
% 
of Total Depreciable 
Capital 
  
   
Cost of Royalties: $0  
    
   
Cost of Plant Start-Up: 
10.00
% 
of Total Depreciable 
Capital 
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Table 12.5. Fixed Costs Input Summary 
 
Operations 
        
   
Operators per Shift: 1 (assuming 5 shifts) 
   
   
Direct Wages and Benefits: $35  /operator hour 
   
   
Direct Salaries and Benefits: 15% 
of Direct Wages and 
Benefits 
   
   
Operating Supplies and Services: 6% 
of Direct Wages and 
Benefits 
   
   
Technical Assistance to 
Manufacturing: 
$0.0
0 
per year, for each Operator per 
Shift 
  
   
Control Laboratory: 
$0.0
0 
per year, for each Operator per 
Shift 
  
          
 
Maintenance 
        
   
Wages and Benefits: 
4.50
% 
of Total Depreciable 
Capital 
   
   
Salaries and Benefits: 25% 
of Maintenance Wages and 
Benefits 
  
   
Materials and Services: 
100
% 
of Maintenance Wages and 
Benefits 
  
   
Maintenance Overhead: 5% 
of Maintenance Wages and 
Benefits 
  
          
 
Operating 
Overhead 
        
          
   
General Plant Overhead: 
7.10
% 
of Maintenance and Operations Wages and 
Benefits 
   
Mechanical Department Services: 
2.40
% 
of Maintenance and Operations Wages and 
Benefits 
   
Employee Relations Department: 
5.90
% 
of Maintenance and Operations Wages and 
Benefits 
   
Business Services: 
7.40
% 
of Maintenance and Operations Wages and 
Benefits 
          
          
 
Property Taxes and 
Insurance 
       
   
Property Taxes and Insurance: 2% 
of Total Depreciable 
Capital 
   
          
 
Straight Line 
Depreciation 
       
 
Direct Plant: 
8.00
% of Total Depreciable Capital, less 1.18 times the Allocated Costs  
  
     
for Utility Plants and Related 
Facilities 
  
 
Allocated Plant: 
6.00
% of 1.18 times the Allocated Costs for Utility Plants and Related Facilities 
  
          
 
Other Annual 
Expenses 
        
   
Rental Fees (Office and 
Laboratory Space): $0 
     
   
Licensing Fees: $0 
     
   
Miscellaneous: $0 
     
          
 
Depletion 
Allowance 
        
   
Annual Depletion Allowance: $0 
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Table 12.6. Variable Cost Summary 
Variable Cost Summary             
 
Variable Costs at 100% Capacity: 
    
        
 
General Expenses 
     
        
  
Selling / Transfer Expenses: 
  
 $9,457,587  
 
  
Direct Research: 
  
 $15,132,140  
 
  
Allocated Research: 
  
 $1,576,265  
 
  
Administrative Expense: 
  
 $6,305,058  
 
  
Management Incentive Compensation: 
 
 $3,940,661  
 
        
 
Total General Expenses 
   
 $36,411,711  
 
        
 
Raw Materials $5.261634 per gal of Butanol  $376,132,719  
 
        
 
Byproducts 
 
$0.000113 per gal of Butanol  ($8,049) 
 
        
 
Utilities 
 
$0.000000 per gal of Butanol  $0  
 
        
 
Total Variable Costs 
   
 $412,536,381  
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Table 12.7. Fixed Cost Summary 
Fixed Cost Summary             
        
        
 
Operations 
      
        
  
Direct Wages and Benefits 
  
 $364,000  
 
  
Direct Salaries and Benefits 
  
 $54,600  
 
  
Operating Supplies and Services 
 
 $21,840  
 
  
Technical Assistance to Manufacturing 
 
 $-    
 
  
Control Laboratory 
  
 $-    
 
        
  
Total Operations 
  
 $440,440  
 
        
 
Maintenance 
     
  
Wages and Benefits 
  
 $3,231,139  
 
  
Salaries and Benefits 
  
 $807,785  
 
  
Materials and Services 
  
 $3,231,139  
 
  
Maintenance Overhead 
  
 $161,557  
 
        
  
Total Maintenance 
  
 $7,431,619  
 
        
 
Operating Overhead 
     
        
  
General Plant Overhead: 
  
 $316,484  
 
  
Mechanical Department Services: 
 
 $106,981  
 
  
Employee Relations Department: 
 
 $262,994  
 
  
Business Services: 
  
 $329,857  
 
        
  
Total Operating Overhead 
  
 $1,016,315  
 
        
 
Property Taxes and Insurance 
    
        
  
Property Taxes and Insurance: 
 
 $1,436,062  
 
        
 
Other Annual Expenses 
     
        
  
Rental Fees (Office and Laboratory Space):  $-    
 
  
Licensing Fees: 
  
 $-    
 
  
Miscellaneous: 
  
 $-    
 
        
  
Total Other Annual Expenses 
 
 $-    
 
        
 
Total Fixed Costs 
   
 $10,324,436  
  
 
 
 
 
 
 
 
XII. Cost Summaries  Downing, Haak, Jouzy, Sarnataro 
 
 91 
Table 12.8. Investment Summary 
Investment Summary               
         Bare Module Costs 
       
 
Fabricated Equipment 
   
 $31,708,059  
  
 
Process Machinery 
   
 $7,209,981  
  
 
Spares 
    
 $-    
  
 
Storage 
    
 $14,615,772  
  
 
Other Equipment 
   
 $-    
  
 
Catalysts 
    
 $1,784,431  
  
 
Computers, Software, Etc. 
  
 $-    
  
         
 
Total Bare Module Costs: 
    
 $55,318,243  
 
         Direct Permanent Investment 
      
         
 
Cost of Site Preparations: 
  
 $2,765,912  
  
 
Cost of Service Facilities: 
   
 $2,765,912  
  
 
Allocated Costs for utility plants and related facilities:  $-    
  
         
 
Direct Permanent Investment 
   
 $60,850,067  
 
         
         Total Depreciable Capital 
       
         
 
Cost of Contingencies & Contractor Fees 
 
 $10,953,012  
  
         
         
 
Total Depreciable Capital 
    
 $71,803,079  
 
         Total Permanent Investment 
      
         
 
Cost of Land: 
   
 $1,436,062  
  
 
Cost of Royalties: 
   
 $-    
  
 
Cost of Plant Start-Up: 
   
 $7,180,308  
  
         
 
Total Permanent Investment - Unadjusted 
  
 $80,419,449  
 
 
Site Factor 
     
1.00 
 
 
Total Permanent Investment 
   
 $80,419,449  
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Table 12.9. Working Capital 
Working Capital                 
          
      
2015 2016 2017 
 
   
Accounts Receivable 
 
 $11,660,039   $5,830,020   $5,830,020  
 
   
Cash Reserves 
 
 $381,863   $190,931   $190,931  
 
   
Accounts Payable 
 
 $(13,911,758)  $(6,955,879)  $(6,955,879) 
 
   
Butanol  Inventory 
 
 $1,554,672   $777,336   $777,336  
 
   
Raw Materials 
 
 $927,451   $463,725   $463,725  
 
   
Total 
  
 $612,266   $306,133   $306,133  
 
          
   
Present Value at 15% 
 
 $532,405   $231,481   $201,287  
 
          
 
Total Capital Investment 
    
 $81,384,622  
   
Table 12.10. Cash Flow Summary (A) 
Year 
Percentage of 
Design 
Capacity 
Product Unit 
Price Sales Capital Costs 
Working 
Capital Var Costs Fixed Costs 
2014  0.00  
 
0.00  0.00  0.00  0.00  0.00  
2015  0.00  
 
0.00  (80419400.00) (612266.05) 0.00  0.00  
2016  0.45  4.41  141863808.24  0.00  (306133.02) (185641371.26) (10324435.60) 
2017  0.68  4.41  212795712.36  0.00  (306133.02) (278462056.88) (10324435.60) 
2018  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2019  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2020  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2021  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2022  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2023  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2024  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2025  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2026  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2027  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2028  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2029  0.90  4.41  283727616.48  0.00  0.00  (371282742.51) (10324435.60) 
2030  0.90  4.41  283727616.48  0.00  1224532.09  (371282742.51) (10324435.60) 
 
 
 
 
 
 
 
 
 
 
XII. Cost Summaries  Downing, Haak, Jouzy, Sarnataro 
 
 93 
 
Table 12.11. Cash Flow Summary (B) 
 
Year Depreciation 
Depletion 
Allowance Taxible Income Taxes Net Earnings Cash Flow 
Cumulative Net 
Present Value 
2014  0.00  0.00  0.00  0.00  0.00  0.00  0.00  
2015  0.00  0.00  0.00  0.00  0.00  (81031700.00) (70462360.86) 
2016  (14360600.00) 0.00  (68462600.00) 25331200.00  (43131447.13) (29077000.00) (92448723.26) 
2017  (22977000.00) 0.00  (98967800.00) 36618100.00  (62349692.29) (39678800.00) (118538204.58) 
2018  (13786200.00) 0.00  (111665800.00) 41316300.00  (70349424.31) (56563200.00) (150878416.67) 
2019  (8271700.00) 0.00  (106151300.00) 39276000.00  (66875304.12) (58603600.00) (180014757.91) 
2020  (8271700.00) 0.00  (106151300.00) 39276000.00  (66875304.12) (58603600.00) (205350706.81) 
2021  (4135900.00) 0.00  (102015400.00) 37745700.00  (64269713.97) (60133900.00) (227957250.86) 
2022  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (248115362.32) 
2023  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (265644154.90) 
2024  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (280886583.23) 
2025  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (294140868.73) 
2026  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (305666334.38) 
2027  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (315688478.43) 
2028  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (324403386.29) 
2029  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (61664100.00) (331981567.05) 
2030  0.00  0.00  (97879600.00) 36215400.00  (61664123.83) (60439600.00) (338440430.10) 
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Economic Analysis 
 
The major purpose and one of the most pressing difficulties with this project is the 
viability and profitability of changing ethanol into butanol. At current market prices, the price 
per gallon of ethanol changes daily, depending on demand and time of year. For the purposes of 
this report, we used $2.94 per gallon of ethanol as the starting point. In order to estimate the 
viability of our project, we included the price of ethanol as part of the raw material costs for our 
project. In our initial analyses, we estimated the price of butanol to be approximately 1.5 times 
the price of ethanol. This is based on specifications given to us in the problem statement. As can 
be seen in the cost summary, the Net Present Value of the venture loses value at this ratio of 
butanol and ethanol prices. This is the result of a negative Internal Rate of Return, as can be seen 
in Table 13.1. 
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Table 13.1. Profitability Measures and Sensitivity Analysis on IRR 
Profitability Measures           
        
The Internal Rate of Return (IRR) for this project is 
 
Negative IRR 
 
        
The Net Present Value (NPV) of this project in 2014 is 
 
 $ (338,440,400)  $ (338,440,430) 
        
        
ROI Analysis (Third Production Year) 
    
        Annual Sales 
 
     283,727,616  
     Annual Costs 
 
    (381,607,178) 
     Depreciation 
 
        (6,433,556) 
     Income Tax 
 
       38,595,853  
     Net Earnings 
 
      (65,717,264) 
     Total Capital Investment        81,643,981  
    ROI 
 
-80.49% 
     
        
        
Sensitivity Analyses           
        
        
        
 
Vary Initial Value by +/- 
     x-axis 50% 
     y-axis 50% 
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Table 13.2. IRR Analysis 
  
Variable Costs  
  
$206,268,190 $247,521,828 $288,775,466 $330,029,104 $371,282,743 $412,536,381 $453,790,019 $495,043,657 $536,297,295 $577,550,933 $618,804,571  
P
r
o
d
u
c
t 
P
r
ic
e
 
$2.21 Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$2.65 Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$3.09 Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$3.53 24.38% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$3.97 41.70% 17.05% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$4.41 56.18% 35.72% 8.64% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$4.85 69.19% 50.59% 29.65% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$5.29 81.20% 63.77% 45.05% 23.38% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$5.73 92.46% 75.87% 58.43% 39.51% 16.74% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$6.17 103.12% 87.18% 70.64% 53.17% 33.96% 9.37% Negative IRR Negative IRR Negative IRR Negative IRR Negative IRR  
$6.62 113.28% 97.86% 82.00% 65.50% 47.96% 28.33% 0.38% Negative IRR Negative IRR Negative IRR Negative IRR  
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In order to produce a product where the Internal Rate of Return is not negative, it is 
necessary that the price of butanol be much greater. Our initial explorations showed that in order 
to reach a positive IRR, the price of butanol must be at least 2.124 times the price of ethanol, or 
$6.25 per gallon of butanol. At this ratio between the prices of butanol and ethanol, however, the 
net present value of the venture is still negative after 15 years of production, as can be seen in 
Table 13.3.  
 
Table 13.3. Cumulative Net Present Value  
 
Cumulative Net Present 
Value at 15% Year 
2014 - 
2015 (75,244,100) 
2016 (74,436,000) 
2017 (69,889,600) 
2018 (64,614,000) 
2019 (61,041,000) 
2020 (57,934,000) 
2021 (55,807,500) 
2022 (54,458,700) 
2023 (53,285,800) 
2024 (52,265,900) 
2025 (51,379,000) 
2026 (50,607,800) 
2027 (49,937,200) 
2028 (49,354,000) 
2029 (48,846,900) 
2030 (47,099,800) 
   
 
 
After some experimentation, it was found that in order to have a positive Net Present 
Value after 15 years, the price of butanol must be at least 2.225 times the cost of ethanol, or 
$6.54 per gallon. 
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Conclusions and Recommendations 
 
After extensive analysis, we have determined that at current prices of raw materials and 
products, the process would not be profitable. A significant drop in ethanol prices or increase in 
butanol prices would be necessary to ensure a positive Internal Rate of Return and Net Present 
Value. The market for butanol, however, is not fully established, and as such, the price of 
butanol may be subject to changes of this magnitude. Butanol offers a number of benefits over 
ethanol for use as a fuel source, and we expect butanol to develop a stronger market position in 
the near future. As butanol surpasses ethanol, the relative price should rise to a level that would 
make this process profitable. 
 In the mean time, a number of other factors will also affect the profitability of the 
process. Large changes in transportation costs or utilities cost would have a significant impact on 
the total variable costs, and may affect the choice of location for this plant. Additionally, the 
catalyst represents one of the largest costs associated with the process, so a decrease in the price 
or an increase in the life cycle of the catalyst could lead to positive returns. This is an important 
factor because limited experimental data is available for modeling the reactor with this catalyst.  
 Before committing to developing this process, it would also be necessary to perform 
more experimentation to analyze the effectiveness of operating the reactor continuously and 
determine kinetic data. Provided that these experiments are successful and the market outlook is 
positive, this plant has potential to achieve a strong hold on this emerging market. 
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Appendix A. Sample Calculations 
 
Ethanol Feed Calculations 
Known: We wish to use 100 million gallons of ethanol per year 
 We will operate for 330 days per year 
 The density of ethanol is 8.33 lb/gal 
 
Therefore the mass flow rate of ethanol is as follows: 
          
                          
    
  
               
              
  
      
        
  
     
        
  
                   
  
    
Reactor Pressure Drop Calculations 
Ergun Equation 
 
Void Fraction (Ɛ) 0.391 
   Vesel Diameter 21.5 ft 6.55319979 m 
Vessel Height 157.5 ft 48.00599846 m 
Packing Height (L) 156.5 ft 47.70119847 m 
Mass Flow Rate 168266 kg/hr 
  Density 0.00447707 g/mL 
  Volume Flow rate 15233.3 L/min 913.998 m
3
/hr 
Vessel Area 33.72847448 m
2 
  Vs 0.00752741822 m/s 
  Dp 0.01 m 
  mu 0.000102689 Pa/s 
  delta P 364.7330373 Pa 
  Total Pressure drop in the reactor=0.0529 psi 
 
XVII. Appendix A. Sample Calculations  Downing, Haak, Jouzy, Sarnataro 
 
 108 
Heat Exchanger Calculation (HX-201) 
The purpose of HX-201 is to cool stream S9 to 86 °F using cooling water. In addition, the heat 
transferred is 39,426,380 BTU/hr. The following inlet and outlet temperatures were obtained 
from the Aspen Plus simulation: 
Th,in= 216.9 °F 
Th,out=86 °F 
Tc,in=68 °F 
Tc,out=78 °F 
The ΔTlm calculation is completed below. 
     
       
           
          
The heat exchanger transfer area is calculated by assuming a heat transfer coefficient of  
U= 50 BTU/ft
2
-hr-°F. 
  
 
     
 
                 
                         
            
This is very close to the transfer area calculated by Aspen Plus, at 13,046 ft
2
. This results shows 
that Aspen Plus was using a heat transfer coefficient of U= 51.1 BTU/ft
2
-hr-°F. 
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Appendix B. Sample Aspen Plus Simulation Results 
 
Convergence 
 
 
Distillation Tower D-401 
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Heat Exchanger HX-102 
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Pump P-301 
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Appendix C. MSDS Reports 
 2-Ethylbutanol 
  
              
Material Safety Data Sheet 
2-Ethyl-1-Butanol, 98% 
MSDS# 49370
Section 1 - Chemical Product and Company Identification 
MSDS Name: 2-Ethyl-1-Butanol, 98% 
Catalog Numbers: AC118170000, AC118170050, AC118171000, AC118175000 
Synonyms: 2-Ethylbutyl Alcohol 
Company Identification: 
Acros Organics BVBA
Janssen Pharmaceuticalaan 3a
2440 Geel, Belgium 
Company Identification: (USA)
Acros Organics
One Reagent Lane
Fair Lawn, NJ 07410 
For information in the US, call: 800-ACROS-01
For information in Europe, call: +32 14 57 52 11
Emergency Number, Europe: +32 14 57 52 99
Emergency Number US: 201-796-7100
CHEMTREC Phone Number, US: 800-424-9300
CHEMTREC Phone Number, Europe: 703-527-3887
Section 2 - Composition, Information on Ingredients 
----------------------------------------
CAS#: 97-95-0 
Chemical Name: 2-Ethyl-1-Butanol 
%: 98
EINECS#: 202-621-4 
----------------------------------------
Hazard Symbols: XN 
   
 
 
Risk Phrases: 10 21/22 
Section 3 - Hazards Identification 
EMERGENCY OVERVIEW 
Warning! Flammable liquid and vapor. May be harmful if absorbed through the skin. May be harmful if swallowed. Causes 
eye and skin irritation. Causes digestive and respiratory tract irritation. Target Organs: None. 
Potential Health Effects
Eye: Causes severe eye irritation. 
Skin: Causes skin irritation. May be harmful if absorbed through the skin. 
Ingestion: Causes gastrointestinal irritation with nausea, vomiting and diarrhea. May be harmful if swallowed. 
Inhalation: May cause respiratory tract irritation. Vapors may cause dizziness or suffocation. 
Chronic:
Section 4 - First Aid Measures 
Eyes:
Flush eyes with plenty of water for at least 15 minutes, occasionally lifting the upper and lower eyelids. Get 
medical aid immediately. 
     
                                                                                                    
                                                             
          
                                                                                                        
                                                 
           
                                                                                                          
                                                      
         
          
                                   
        
            
                                                                                                   
                                                                                                           
                                                                                                              
                                                                                                         
                                                                                         
              
      
                                                                                                               
                                                                                                        
                                                      
             
            
                          
                                     
          
              
             
          
              
             
                                                          
                                        
        
            
                                                                    
             
                                                                                                                 
                                                                                                          
               
                                 
         
                                                                                                                 
                                                                                                            
                                                                                                           
                                                                                                                
                                                        
        
                                                                                                                 
                                                                                               
                                                   
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                                                 
                                                  
                      
                                                              
               
                              
     
                                                                                                      
                                                                      
                                                                  
                                                                        
            
                                                                                                   
                                                                                                 
                                              
                                             
                     
                
                    
                 
                              
                  
                               
                              
                                                 
                                          
                                       
                                    
                                    
                         
                        
                                      
                                                                   
                                                                                            
                                                                      
                                                                                  
                                               
                                       
                               
          
       
                                              
                             
                                
 
                                                                                                    
                                                         
                                    
                                     
                                                                              
                                   
      
                              
                
                 
                   
          
                             
              
           
               
                                    
                                  
                                                  
                   
             
                
                                                       
               
                                               
                                                      
                                                            
                             
               
      
                                           
                                             
                                                                                                               
                                                                            
                                                              
          
    
                                   
          
                               
                            
                         
                                                                                                         
                                                                                                  
                                                                                                       
                                                                                                              
                                                                                                            
                                                                                                         
                                                             
                                                                                 
              
                           
                       
           
                                                        
                                 
                                                                   
                              
                        
                   
                            
                   
                             
              
                
                    
                                             
                                               
                                        
                                
                                       
                                           
                                                    
                                        
             
                                
    
                  
                                        
                  
   
                      
                                   
                   
                                                                                                                      
                                                                                                 
                        
                                  
                                                                          
                                                                                                              
                                                                                              
        
                               
     
                                                                                                               
                         
Skin:
Get medical aid immediately. Flush skin with plenty of water for at least 15 minutes while removing 
contaminated clothing and shoes. Wash clothing before reuse. 
Ingestion:
If victim is conscious and alert, give 2-4 cupfuls of milk or water. Never give anything by mouth to an 
unconscious person. Get medical aid immediately. 
Inhalation:
Remove from exposure and move to fresh air immediately. If not breathing, give artificial respiration. If 
breathing is difficult, give oxygen. Get medical aid. 
Notes to 
Physician:
Section 5 - Fire Fighting Measures 
General 
Information:
As in any fire, wear a self-contained breathing apparatus in pressure-demand, MSHA/NIOSH (approved 
or equivalent), and full protective gear. Vapors may form an explosive mixture with air. Vapors can travel 
to a source of ignition and flash back. Will burn if involved in a fire. Use water spray to keep fire-exposed 
containers cool. Containers may explode in the heat of a fire. Flammable liquid and vapor. Vapors may be 
heavier than air. They can spread along the ground and collect in low or confined areas. 
Extinguishing 
Media:
For small fires, use dry chemical, carbon dioxide, water spray or alcohol-resistant foam. For large fires, use 
water spray, fog, or alcohol-resistant foam. Use water spray to cool fire-exposed containers. Water may 
be ineffective. Do NOT use straight streams of water. 
Autoignition 
Temperature:
315 deg C ( 599.00 deg F) 
Flash Point: 57 deg C ( 134.60 deg F) 
Explosion 
Limits: Lower:
Not available
Explosion 
Limits: Upper:
Not available
NFPA Rating: 3 - health, 2 - flammability, 0 - instability 
Section 6 - Accidental Release Measures 
General 
Information:
Use proper personal protective equipment as indicated in Section 8. 
Spills/Leaks:
Absorb spill with inert material (e.g. vermiculite, sand or earth), then place in suitable container. Remove all 
sources of ignition. Use a spark-proof tool. Provide ventilation. A vapor suppressing foam may be used to 
reduce vapors. 
Section 7 - Handling and Storage 
Handling:
Wash thoroughly after handling. Use only in a well-ventilated area. Ground and bond containers when transferring 
material. Use spark-proof tools and explosion proof equipment. Avoid contact with eyes, skin, and clothing. 
Empty containers retain product residue, (liquid and/or vapor), and can be dangerous. Keep away from heat, 
sparks and flame. Avoid ingestion and inhalation. Do not pressurize, cut, weld, braze, solder, drill, grind, or 
expose empty containers to heat, sparks or open flames. 
Storage:
Keep away from heat, sparks, and flame. Keep away from sources of ignition. Store in a tightly closed container. 
Store in a cool, dry, well-ventilated area away from incompatible substances. Flammables-area. 
Section 8 - Exposure Controls, Personal Protection 
+-------------------- +------------------- +------------------- +----------------- + 
|   Chemical Name    |        ACGIH      |       NIOSH       |OSHA - Final PELs| 
|-------------------- |------------------- |------------------- |----------------- | 
| 2-Ethyl-1-Butanol  |none listed        |none listed        |none listed      | 
+-------------------- +------------------- +------------------- +----------------- + 
OSHA Vacated PELs: 2-Ethyl-1-Butanol: None listed 
Engineering Controls: 
Use adequate ventilation to keep airborne concentrations low. 
Exposure Limits
Personal Protective Equipment 
Eyes:
Wear appropriate protective eyeglasses or chemical safety goggles as described by OSHA's eye and face 
protection regulations in 29 CFR 1910.133 or European Standard EN166. 
Skin: Wear appropriate protective gloves to prevent skin exposure. 
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Clothing: Wear appropriate protective clothing to prevent skin exposure. 
Respirators:
Follow the OSHA respirator regulations found in 29 CFR 1910.134 or European Standard EN 149. Use a 
NIOSH/MSHA or European Standard EN 149 approved respirator if exposure limits are exceeded or if 
irritation or other symptoms are experienced. 
Section 9 - Physical and Chemical Properties 
Physical State: Liquid
Color: colorless 
Odor: None reported. 
pH: Not available 
Vapor Pressure: 1.7 hPa @ 20 C 
Vapor Density: 3.4 
Evaporation Rate: Not available 
Viscosity: 7.6 MPA 20.00 deg C 
Boiling Point: 146 deg C @ 760.00mm Hg ( 294.80°F)
Freezing/Melting Point: -15 deg C ( 5.00°F)
Decomposition Temperature: Not available
Solubility in water: Slightly soluble
Specific Gravity/Density: .8300g/cm3 
Molecular Formula: C6H14O 
Molecular Weight: 102.18 
Section 10 - Stability and Reactivity 
Chemical Stability: Stable under normal temperatures and pressures. 
Conditions to Avoid: Incompatible materials, ignition sources, excess heat, strong oxidants. 
Incompatibilities with Other Materials Strong oxidizing agents, acids. 
Hazardous Decomposition Products Carbon monoxide, carbon monoxide, carbon dioxide. 
Hazardous Polymerization Has not been reported. 
Section 11 - Toxicological Information 
RTECS#: CAS# 97-95-0: EL3850000 
LD50/LC50:
RTECS: 
CAS# 97-95-0: Oral, rabbit: LD50 = 1200 mg/kg;
Oral, rat: LD50 = 1850 mg/kg;
Skin, rabbit: LD50 = 1260 uL/kg;
.
Carcinogenicity: 2-Ethyl-1-Butanol - Not listed as a carcinogen by ACGIH, IARC, NTP, or CA Prop 65.  
Other: See actual entry in RTECS for complete information.
Section 12 - Ecological Information 
Section 13 - Disposal Considerations 
Dispose of in a manner consistent with federal, state, and local regulations. 
Section 14 - Transport Information 
US DOT
Shipping Name: 2-ETHYLBUTANOL 
Hazard Class: 3 
UN Number: UN2275
Packing Group: III 
Canada TDG
Shipping Name: Not available 
Hazard Class: 
UN Number: 
Packing Group: 
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 2-Ethylhexanol 
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 N-Butanol 
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Ethanol 
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 Ethylene Glycol 
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 Hydrogen 
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 Hexanol 
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 Octanol 
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 Ruthenium(III) acetylacetonate (catalyst) 
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Appendix D. Problem Statement 
 
Ethanol to Butanol   (recommended by Bruce M. Vrana, DuPont) 
Prior to the advent of the petrochemical industry, which made the process uneconomic, acetone, 
butanol and ethanol were produced together by fermentation, using one of several Clostridia 
strains. With the growth in interest of biofuels and the increase in price of petrochemicals, 
renewable routes to butanol are being revisited by several parties. Butanol is an excellent biofuel, 
with many advantages over the incumbent biofuel, ethanol. It has higher fuel value, meaning 
more miles per gallon. It can be blended to higher levels without requiring engine modifications. 
It has lower vapor pressure than ethanol and comparable octane number. But direct fermentation 
routes to butanol are challenging, and your company is a newcomer in looking at butanol, so it 
would be futile to attempt to compete with the companies in various stages of commercializing 
fermentation routes to butanol. 
Your company has instead developed a traditional catalyst to convert ethanol to n-butanol with 
good selectivity. This so-called Guerbet reaction is enhanced with your catalyst by the addition 
of hydrogen. Increasing hydrogen pressure improves the selectivity to as high as 95%, but of 
course increases the capital cost of the plant. You will want to find the optimum pressure, 
balancing the capital and operating costs of the plant. 
The United States and Brazil produce most of the world’s ethanol by fermentation of local 
agricultural feedstocks. The U.S. industry is almost entirely based on corn, while Brazil uses 
sugar cane. Process efficiencies in both countries have improved significantly in recent years, 
with increasing ethanol production for use in transportation fuels; thus, do not use process or cost 
data that are more than 2-3 years old. 
Your team has been assembled to develop the most economic process to make n-butanol from 
ethanol. Management desires to use the entire capacity of the adjoining 100MM gal/yr ethanol 
plant to make n-butanol. Coincidentally, your company has plants with the same annual capacity 
in the U.S. and Brazil. Thus, you may locate your plant in either country, using appropriate 
construction costs for your location, and local ethanol prices and specs. 
You will need to focus on the process to make butanol, not the process to make the catalyst, 
which you can assume will be produced for you by a catalyst vendor. 
If you decide to locate in Brazil, one important factor to consider in your economics is that 
ethanol price increases dramatically during the inter-harvest period, typically 3-4 months of the 
year when sugar cane cannot be harvested and local ethanol plants shut down. In recent years, 
Brazil has imported ethanol from the U.S. during this part of the year. Corn ethanol in the U.S. 
has no such restriction, as corn can be stored year-round. 
You may locate your site either in an agricultural region of the U.S. (Iowa) or Brazil (São Paolo 
state), or in an industrial area, such as the U.S. Gulf Coast or coastal areas of São Paolo. If the 
plant is built in an agricultural region, hydrogen will be more expensive, and you will need to 
ship your product to the end use fuel market. Hydrogen would require an onsite production 
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facility and you would purchase hydrogen for $0.75/lb. Freight for butanol would be $0.05/gal, 
while the freight for the ethanol would be negligible. 
If the plant is built in an industrial area, hydrogen will be less expensive and you will need to 
ship your feedstock to your site. Hydrogen would be available by pipeline for $0.50/lb in the 
U.S., $0.60/lb in industrial regions of Brazil. Freight for ethanol to the site would be $0.05/gal, 
while the freight for the product would be negligible. 
Hydrogen pressure from either the pipeline or an onsite plant is 200 psig. If you desire higher 
pressure, you will need to install a compressor and pay for the energy to compress it. 
All prices are forecasts by your marketing organization for long-term average prices, expressed 
in 2014 dollars for the quantities needed delivered to your site or sold from your site. 
Based on your market research, the price per gallon of butanol is 1.3 to 1.5 times the price per 
gallon of ethanol, both in the U.S. and Brazil. Obviously, you will want to test how sensitive 
your economics are to this price range. 
You will need to make many assumptions to complete your design, since the data you have are 
far from complete. State them explicitly in your report, so that management may understand the 
uncertainty in your design and economic projections before approving an expensive pilot plant to 
provide the scale-up data you need to complete the design. Test your economics to reasonable 
ranges of your assumptions. If there are any possible “show- stoppers” (i.e., possible fatal flaws, 
if one assumption is incorrect that would make the design either technically infeasible or 
uneconomical), these need to be clearly communicated and understood before proceeding. 
The plant design should be as environmentally-friendly as possible, at a minimum meeting 
Federal and state emissions regulations. Recover and recycle process materials to the maximum 
economic extent. Also, energy consumption should be minimized, to the extent economically 
justified. The plant design must also be controllable and safe to operate. Remember that, if the 
plant is approved, you will be there for the plant start-up and will have to live with whatever 
design decisions you have made. 
Reference  U.S. Patent 8,318,990, November 27, 2012, assigned to Mitsubishi Chemical 
Corporation 
 
 
 
 
 
 
 
 
 
 
